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ABSTRACT 
Nowadays buildings are getting taller, where tall buildings and super tall buildings are 
becoming common in cities especially in downtown areas due to limited available land space. 
With high demand in these areas and space limitation, the price of land increased domically 
which led to having more vertical expansions. In addition, construction techniques are changing 
leaning to be lighter with the increase of innovative technologies, so tall buildings are becoming 
more flexible. As tall buildings increase in height, they become more vulnerable to wind loads. 
Thus, a major problem facing many tall buildings is the effects of wind. Vibrations caused by 
wind conditions can severely damage both structural and non-structural components of the 
buildings and cause occupant discomfort. These adverse impacts can have significant economic 
consequences. Therefore, this study aims to mitigate wind induced loads and effects on tall 
buildings through using aerodynamic modifications, which helps with decreasing the loads 
exerted to the building and decreases the wind-induced vibrations. The objectives of this research 
is: i) create a database of exciting tall buildings in eight major cities in the United States and 
assess the distribution of the building shapes along the height as an input to the following 
analysis, ii) analyze different façade aerodynamic modifications on common building base 
shapes based on the developed building database along with CAARC standard building through 
using ANSYS Fluent, a computational fluid dynamic finite volume modeling software, to 
determine the best performing aerodynamic modifications that result in reducing wind loads and 
pressures on tall buildings. iii) find some aerodynamic modifications that can work not only for 
new tall buildings, but for existing tall buildings based on building inventory database as well. 
This will show how to best optimize the shape and the façade systems of tall buildings to 
mitigate the consequences of wind.  
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CHAPTER 1.    INTRODUCTION 
This thesis is developed to suggest different aerodynamic modifications to reduce wind 
induced loads and effects on tall buildings. This chapter will provide an introduction to the 
mitigation of wind induced loads and effects on tall buildings through aerodynamic 
modifications topic by defining the industry problem, highlighting the impact of the study, 
describing the technical problem, defining research goals and objectives, and presenting the 
thesis organization.  
 
Industry Problem  
Structural engineers and architects design multiple tall buildings on an annual basis, 
where wind induced loads and effects on such buildings adversely impact the occupant comfort 
and safety as well as causing significant economic consequences. Thus, mitigating wind induced 
loads and effects on tall buildings is a major concern.  
 
Impact and Significance of Study 
Traditionally, wind induced loads and effect are one of the major concerns that structural 
engineers have when designing tall buildings. Where, multiple commonly used mitigation 
strategies are used to overcome issues caused by wind. However, these strategies might not be 
the optimal way to solve wind related issues as they solve the issues at the expense of losing 
leasable space with high market value. Therefore, aerodynamic modifications can be a better 
alternative that solves the issue without concessions. In this study, multiple different 
aerodynamic modifications were tested in CFD finite volume software, ANSYS Fluent, which 
showed promising results of reducing the wind loads and effects on tall buildings. These results 
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and conclusions of the different aerodynamic modifications considered in this study can provide 
a better alternative solution in mitigating wind induced loads and effects, but with the need of 
future further experimental testing to validate results and conclusions before implantation. In 
addition, this study can form the basis of further research on optimization and experimental 
testing for the considered aerodynamic modifications.   
 
Technical Problem 
The wind loads that buildings and all other structures face is an atmospheric boundary 
layer wind which is not uniform with height, whereas wind speed increases with height 
following the atmospheric boundary layer profile that leads to increasing the wind loads. Also, 
there is a high demand on buildings being taller especially in major cities where space is limited 
and land is expensive, thus the vertical expansion is the solution. Additionally, with the new 
construction techniques and the increase in innovative technologies, buildings are becoming 
more flexible. 
With all of this, tall buildings are more vulnerable to wind induced loads and effects, 
which can cause severe damage to structural and non-structural elements of the buildings. An 
example of this can be the breakage and/or losing of façade claddings, whereas more severe 
safety concern damages of structural members may occur as well, depending on the situation. 
This leads to have the building and properties losing their market values as well as insurance 
companies bearing huge economic consequences. Moreover, sometimes wind induced loads and 
effects does not cause any safety damages, but on the serviceability level, it may cause 
unpleasant vibrations that lead to occupants’ discomfort. Even though this might not be a safety 
concern; however, this still will lead to have the building and properties to lose market value.  
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Some commonly used mitigation strategies to overcome such issues can be expensive and 
occupy huge space. One of these strategies is having tuned mass damper (TMD) at the top of the 
tall building, which is a huge mass equivalent to about 1% to 3% of the total building mass, this 
can take a huge leasable space that have high market value especially that it is a top of tall 
buildings, which are usually the most expensive floors in any tall building.  
 
Research Goals and Objectives 
The goal of this research is to improve the performance of tall buildings under wind by 
mitigating the wind induced loads and effects through aerodynamic façade modifications. This 
will help ensuring better occupant comfort and safety in addition to reducing potential economic 
consequences if damages on structural or non-structural elements were to happen due to wind.  
The objectives of this research are to:  
•  Create a database of exciting tall buildings in eight major cities in the United 
States and assess the distribution of the building shapes along the height as an 
input to the following analysis. 
•  Analyze different façade aerodynamic modifications on common building 
base shapes based on the developed building database along with CAARC 
standard building through using ANSYS Fluent, a computational fluid 
dynamic finite volume modeling software, to determine the best performing 
aerodynamic modifications that result in reducing wind loads and pressures on 
tall buildings. 
• Find some aerodynamic modifications that can work not only for new tall 





This thesis consists of six chapters. Chapter 1 provides an introduction of the topic and 
highlights on the industrial problem, impact of study, technical problem, and research goals, 
objectives. Chapter 2 provide a wide extensive literature review about the topic in general and 
specifically about aerodynamic modifications. This include wind behavior and effects, common 
vibration mitigation strategies, and different aerodynamic modifications strategies used to 
mitigate wind loads and effects that lead to aerodynamic façade modifications which is the focus 
of this study. Chapter 3 presents the building inventory database of the characteristics of existing 
tall buildings in the eight major cities considered across the United States. Also, it provides the 
common building base shape and dimensions across the eight cities.  
Chapter 4 provides verification of the results and conclusions arrived at in preliminary 
stage. This is through using ANSYS Fluent, a finite volume CFD software that gives more 
accurate and precise results with additional information obtained, such as lift coefficients, 
maximum and minimum pressure coefficients, and pressure distributions contours for the 
buildings. In this chapter, the results are presented with respect to the corresponding plain 
building, without modifications, for different aerodynamic modifications including unconnected 
plated frame modification, double façade with various perforation and vertical openings 
modifications, and bio-inspired sharkskin and cactus modifications. Conclusions on the best 
performing aerodynamic modifications for each building shape is provided in this chapter as 
well. Chapter 5 states the conclusions drawn from this all the different chapters of this thesis, 
limitations, and suggests possible future work.  
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CHAPTER 2.    LITERATURE REVIEW  
Due to limited available land space, new buildings are getting taller, with tall or and 
super-tall buildings becoming common in cities, especially in downtown areas. Also, the high 
demand and space limitations in these areas have caused the price of land to significantly 
increase, leading to an increase vertical expansion. With an increase of innovative technologies, 
construction techniques are trending toward lighter methods, with tall buildings consequently 
becoming more flexible. As buildings increase in height, they become more vulnerable to wind 
loads. (Azad, Ngo, & Samali, 2015; Samali, Azad, & Ngo, 2014). Since wind speed increases 
with height, proportional wind loads also increase with height. Since buildings in general are 
considered to be bluff bodies, with increasing wind speed wind phenomena like turbulence, 
vortex shedding, flow separation, and others develop and should be considered. When a bluff 
body surrounded by a medium is under relative motion, a recirculation bubble occurs in the 
regions resulting in an adverse pressure gradient that typically increases the loading on structures 
(Evans et al., 2018). An increase of tall building flexibility along with an increase of wind speed 
and acceleration results in more deformations that influence a building’s vibrations of the, 
impacting serviceability and the ultimate state of the building as a whole. 
Since the first skyscraper was completed in Chicago in 1885, there has been an 
exponential growth of high-rise structures across the globe, and along with taller and more 
abundant buildings comes new challenges. High-rise structures often experience disturbances 
resulting from wind fluctuations, and exceedingly tall and slender buildings are at even greater 
risk when buffeted at high altitudes by complex wind environments. Such wind forces can 
induce vibrations in buildings that can result in occupant discomfort as well as structural and 
non-structural damage. As tall buildings have become increasingly more common during the last 
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few years, the need for vibration-mitigating strategies has also increased. Therefore, this gained 
interest of researchers lately (e.g. Jafari & Alipour, 2021; Micheli, Alipour, et al., 2020; Micheli 
et al., 2019; Micheli, Cao, et al., 2020; Micheli, Hong, et al., 2020) is among the few studies that 
focused on tall buildings and vibration-mitigation strategies. There are many such mitigating 
strategies that can be used, often more than one simultaneously. The most common such 
mitigation strategies can be split into three subcategories: structural design, auxiliary dampening 
devices, and aerodynamic design, and these are discussed in the following sections.  
In terms of aerodynamic modifications, the main focus of this paper, previous studies 
have demonstrated that aerodynamic modifications could effectively affect wind loads on 
buildings. Many of the studies that have addressed different aspects of wind loads on tall 
buildings are presented in the following sections of this paper. Proposed modifications can be 
split into two main categories: First, major modifications including but not limited to: tilting, 
tapering, setting back, helical, composite, etc. Second, minor modifications, i.e., corner 
modifications that include but are not limited to: corner-cut, rounded corners, recessed corners, 
chamfered corners, etc. In addition to the two main aerodynamic modifications categories, 
researchers have also considered other sorts of modifications that might affect wind loads on 
buildings, including façade modifications such as introducing roughness and/or adding plates to 
the building surface, double façade systems, and bio-inspired façade systems, like cactus-shaped 
and shark skin denticle-shaped façades. Many such modifications can play a key role in changing 
flow around a building and reducing wind loads, although some enhanced these effects, proving 
that aerodynamic loads can vary with height and different structural modifications.  
Almost all man-made structures, including tall buildings, are considered to be bluff 
bodies, an aerodynamic term for a body with a substantial amount of boundary layer separation 
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due to the body’s geometry. Such separated flow regions can induce vortices, whirling mass of 
fluid flow; the creation of the vortices is neither constant nor consistent. When they are shed 
from the bluff body, known as vortex shedding, an oscillating flow can result across the body 
that generates varying low-pressure zones on the downwind side of the body, leading to 
fluctuating forces acting on the body (Fu, 2018). Such fluctuating forces on tall buildings can 
generate both along-wind and across-wind excitations of the body (Irwin, 2008) that can lead to 
swaying, increased axial loads, and vibrations.  
Because wind-induced forces associated with bluff bodies are due to the shape of the 
body, one major way to decrease the effects of wind forces would be changing the structure’s 
geometry, and for tall buildings there are a variety of geometric adjustments available. Varying 
the structure’s cross-section, including tapers, twists, setbacks, etc., is very common. Selecting a 
more aerodynamically effective building geometry through wind tunnel testing is also widely 
practiced. Since the blunt edges of structures, such as the corners on buildings, tend to generate a 
large number of vortices, some strategies used to mitigate these effects include corner rounding 
and corner cuts (Irwin, 2008). Finally, since the oncoming-flow turbulence can have a substantial 
impact on bluff-body aerodynamics, introduction of turbulence to a flow past a bluff body can in 
certain situations reduce the drag on the body and lessen vortex generation (Nakamura, 1993).  
There is considerable knowledge of common aerodynamic phenomena that occur in tall 
buildings, including dynamic behavior of façade and building systems, and innovative smart 
material that can potentially be used in façade systems to mitigate wind loads, as discussed in the 
following sections. While there has been extensive research into these subcategories, all are still 





Façade systems are non-structural elements that act as a barrier between outdoor and 
indoor environments. Recently, new roles for façade systems have been recognized, such as their 
role in energy saving and in adding additional stiffness and/or damping to the structure (Azad et 
al., 2015; Samali et al., 2014). However, even though new roles have been recognized for façade 
systems, they have rarely been considered or designed to be a potential wind-induced vibration 
mitigator for tall buildings. Based on this possibility, Samali (2014) and Azad (2015) 
investigated a new potential functionality of façade systems, in which they function as lateral 
motion-control devices to reduce vibration induced by wind through reducing wind loads such as 
drag. 
Generally, dynamic analysis can be performed in either time or frequency domains, but 
usually frequency domain approach is utilized because of its computational advantage for linear 
systems. For dynamic response analysis all structural components of the global coordinate 
system are condensed into two translations and one rotation for each story. If the building center 
of mass and center of resistance are not the same there will be coupled mode shapes that lead to 
3N coupled equations of motion for a typical N-story building. However, if a building has 
coincident center of mass and center of resistance, the 3N equations of motion can be separated 
into three sets of N uncoupled equations. This simplification cannot be applied to buildings 
whose mass and resistance are not coincident (Kareem, 1992). 
The dynamic behavior and load transfer of TMD (tuned mass damper) and façade 
systems are similar, so understanding the dynamic behavior of façade systems and how loads are 
transferred in façade systems can be obtained by understanding the modelling configuration 
(shown in Figure 2.1 below) used in the TMD but with different application of the loads.  In 
TMD, loads are applied to the primary system then transferred to the secondary mass, while in 
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the proposed system, the wind loads are applied to the secondary mass then transferred to the 
primary one. In general, effects of wind-induced forces increase with height, so the vibration 
period directly correlates with height. The taller the building the longer the vibration period, a 
beneficial effect in terms of seismic loading, but quite opposite in the case of wind loading. Also, 
environmental loads most likely bear on the vulnerability of the exterior face of façade systems 
and load then transit to the primary structure, energy absorbers in structures can be used to 
concentrate the hysteretic behavior on specially designed regions of the structure. Tall buildings 
nowadays tend to have glass cladding, and such façade systems protect them during extreme 
wind events, both saving people’s lives and cost resulting from the high maintenance and 
installation costs of such claddings (Azad et al., 2015; Samali et al., 2014). 
According to Samali, et al., (2014) and Azad, et al., (2015), depending on the stiffness of 
bracket materials used in connecting a double-skin façade to a building, energy can be dissipated 
and help in damping. This can eliminate expensive lateral systems and/or large damping systems 
that may occupy considerable space that can be deployed as extra leasable space. It has been 
shown that such systems can decrease accelerations and displacements by up to 50% by using 
optimal materials for stiffness and damping of brackets connecting the two skins, and up to 50% 
of wind-induced response can also be absorbed by a smart efficient façade system (Azad et al., 
2015; Samali et al., 2014) 
In studies by Samali, et al., (2014) and Azad, et al., (2015), this idea was tested using a 
model that were created and analyzed using ANSYS. Movable façades were placed on the top 
third of the structure since it is the most critical section because wind speed and acceleration 
increase with height, leading to load increase in with height. The joints between façade panels 
were assumed to be pinned joints as each floor that can freely move when environmental forces 
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are applied. A new Damper Façade System (DFS) design utilized the non-linear hysteresis 
associated with different dampers for façade connections between inner and outer skins, and 
these systems are controlled by a sensor network that monitors the behavior of the outer-skin 
façade during extreme wind events. The study showed that such a DFS system can decrease the 
wind-induced vibration by up to 50% compared with the conventional façade systems (Azad et 
al., 2015; Samali et al., 2014). 
The effectiveness of the system was illustrated by Azad, et al., (2015) by plotting the 
dynamic amplification factor with respect to ρ, the ratio of the forcing frequency to the natural 
frequency. Using Equation 2.1 below, the maximum dynamic amplification factor was found to 
be exactly the same as for the system with rigid connections. This resulted in a dynamic 
amplification factor less than 1, i.e., there was no dynamic amplification for the DSF in this case.  
The dynamic amplification factor decreased by about 35% for the case with DSF system 
compared to the traditional case without DSF system. In general, it was noticed that reducing the 
stiffness of the connectors such that the DSF frequency became half of primary structure 
frequency resulted in a noticeable reduction in the dynamic response of the primary structure. 
However, since a very high dynamic amplification factor for DSF is not practical, the authors 
presented a case where a different connector stiffness based on the input load frequency is used, 
implying use of a low stiffness connector in the zone with critical structural response. A low 
amplification factor also results in a 50% reduction using the smart façade system. However, 
while using a low frequency could reduce the response of structure by 50%, it will also increase 
the relative displacement of façade panels, so changing DSF connector stiffness corresponding to 
an input load could help control excessive movement of façade panels through a similar 
reduction in response of the structure(Azad et al., 2015). 
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Figure 2.1: Dynamic configuration of modelling of building and façade system.  
 
In another study by Azad, et al., (2013), a more realistic example was created and studied 
through an alternative method to decrease the energy imparted on the main structure due to high 
wind speeds using a multi-skin façade system as an energy-absorbing device. Both elastic and 
inelastic analyses were performed using SAP2000 to assess the structural dynamic response of a 
45-story concrete building under harmonic wind load, and results showed that if the connections 
were properly designed, a façade system can work as a damper device to mitigate vibrations of 
the main structure and reduce story drift. The use of movable façade systems attached to passive 
or semi-active devices attached to a fixed frame was suggested to potentially reduce lateral 
building displacement (Azad et al., 2013). Azad’s design concept was to apply the mechanism of 
Moon (2005) to control dynamic motion. This mechanism basically designs the DSF façade 
connectors to have relatively low stiffness, and since this would induce excessive movement to 
the DSF outer skin, Moon (2005) suggested increasing the damping ratio of the connecters and 
the mass of the outer skin while keeping the practical limitations of doing so in mind. This 
mechanism proposes that the façade system be connected to the main structure at various points 
by low axial stuffiness links to prevent transmission of wind forces to the main structure. The 








the main structure enclosed by the façade skin will be significantly reduced. Moon’s results 
showed that dynamic motion of a building can be reduced by more than about 50% (K. Moon, 
2005). 
Based on the mechanism proposed by Moon (2005), Azad, et al., (2013) suggested a 
façade system in which the main structure and the façade system are simplified as having two 
degrees of freedom, as shown in Figure 2.2,where m is the main structure mass and md is the 
façade system mass. This simplified system model is similar to the TMD model with mass 
damper but with some differences. It was found that the optimal performance for the proposed 
system can be achieved when the façade system frequency was half that of the main structure 
frequency. This will reduce the later deformation and mitigate wind effects on the main 
structures, while if both frequencies are similar the façade system will amplify the force rather 
than reducing it. (Azad et al., 2013). 
 
Figure 2.2: Main structure and façade system simplified as two degrees of freedom.  
 
The results obtained by this study showed that the displacement response can be 
decreased by 40% when the façade is linked to the structure every 4 stories. If the structure was 
linked every 3 stories the response was reduced by 30%, while for linkage every other story, the 
response was reduced by 20%. On the other hand, for the same structure with dampers placed 
every 4 stories, the displacement response was reduced by only 10% compared with 40% for the 
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movable façade. This demonstrated that the movable façade was effective both economically and 
in saving space, but also in reducing the response, the main objective. (Azad et al., 2013). 
 
Vibration Mitigation Strategies on Tall Buildings 
As buildings become taller and more abundant new challenges occur. High-rise 
structures, especially tall and slender buildings, are often highly affected by wind forces that 
induce vibrations causing occupant discomfort as well as structural and non-structural damage. 
Therefore, as tall buildings have become more common, researchers have increasingly looked at 
vibration-mitigation strategies. As mentioned previously, the most common mitigation strategies 
can be split into three subcategories: structural design, auxiliary-dampening devices, and 
aerodynamic design.  
The structural design category encapsulates a diverse set of wind-induced vibration-
mitigation strategies, including adjustments to the building’s fundamental vibrational mode, 
outriggers, and tube systems. These strategies are largely internal and must be applied during 
building construction, so they are not solutions suitable for existing buildings needing additional 
vibration mitigation. In general, they use utilize a building’s existing structure to increase its 
lateral stability to achieve better response to wind-induced forces. 
A study by Banavalkar (1990) investigated the effects of adjusting a structure’s effective 
mass by readjusting the structural stiffness and modifying the vibrational mode of the structure. 
With appropriate adjustments, the effective mass of the structure can be increased, and the 
performance of buildings in terms of wind-induced loads and accelerations was found to be 
inversely proportional to the effective mass.  The study noted that as structures for aesthetic 
purposes, continue to have reduced floor sizes on upper portions of buildings, the natural effects 
of effective mass diminishes. The study found that to minimize wind-induced loads by 
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maximizing the effects of effective mass on building structures, it was best to soften the structure 
at the base, stiffen it against shear distortion in the middle portion and provide a structural hook, 
an efficient outrigger system, at the top (Banavalkar, 1990). 
Another type of structural system investigated for wind induced vibration mitigation 
purposes is the outrigger system both widely used and studied since the early 1950’s. The 
purpose of outrigger systems is to couple the response of both perimeter and interior supports of 
the building as a whole to resist lateral loads. Traditionally, an outrigger system is comprised of a 
beam that connects the core walls to perimeter columns through trusses or similar systems. 
Because of the inherent size requirements of outrigger systems, they are usually restricted to 
mechanical floors. Multiple studies seeking to find optimum locations of outrigger systems in tall 
buildings have been conducted. Gerasimidis, et al., (2009) studied optimum placement of 
outrigger systems for wind loading purposes by testing across three criteria: drift control, column 
axial forces, and moments for placement of two outriggers, one variable and one at the structure 
top. The optimum location was found to vary across the three criteria, and the group concluded 
that optimum placement is design specific (Gerasimidis et al., 2009). Research on damped 
outrigger systems has also been conducted. Damped outrigger systems operate by placing 
viscous damper elements in the load path to generate dynamic stiffness at the expense of static 
stiffness and strength. Damped outrigger systems save space and cost at a level sufficient to 
offset their static strength losses (Smith & Willford, 2007).  
Belt/bandage systems are modified versions of outrigger systems. They utilize belt walls 
and stiff floor diaphragms as outrigger substitutes that works largely in the same way as regular 
outriggers. They offer one key advantage over outrigger systems, the lack of need for a 
complicated direct connection between the outrigger system and the core (Nair, 1998). Tube 
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systems are another type of commonly used structural system used to resist lateral loads. A tube 
system is a structural system comprised of several closely spaced exterior columns and deep 
beams held together, with such a set of “tubes” providing lateral strength to the building to help 
resist forces such as wind. Shin, et al., (2012) studied the effects of tube systems in a 55-story 
building whose primary lateral force was from exterior shear walls. The group found that the 
tube system provided a greater lateral resisting force than other installed systems (Shin et al., 
2012). Generally, tube systems are most commonly used in conjunction with additional bracing 
components such as outrigger or belt systems.   
Auxiliary damping devices, designed to mitigate vibrations in tall structures by increasing 
the effective dampening of the structure and, in particular, tuned-mass dampers (TMDs) and 
their variations have become widely used throughout the world. Other types of auxiliary 
damping devices, often used in conjunction with other vibration mitigation devices, include 
tuned liquid dampers (TLDs) and passive dampers (Kareem, Kijewski, & Tamura, 1999). 
Auxiliary damping devices offer advantages over their structural counterparts, including the 
ability to be tuned to a specific installation. While auxiliary damping devices have been 
extensively researched, there is still open research in the area primarily concerned with 
increasing efficiency, decreasing footprints, and connecting them with other systems.  
The most common type of auxiliary damping devices in service is the tuned-mass 
dampers. A TMD is a vibration-reducing device consisting of a large mass attached to a damper 
and spring attached to the structure. A TMD resonates at the natural frequency of the attached 
structure, but with a phase shift to create an offset cancelling frequency. The resonant frequency 
of a TMD can be tuned to its individual application. The vibration-reduction rates of traditional 
TMDs is proportional to the mass of the TMD compared to the mass of the building. Research 
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has found that buildings currently equipped with passive TMDs can achieve an additional 3% to 
4% of critical damping and a 40% to 50% reduction in the wind induced response (K C S Kwok 
& Samali, 1995) and a Kwok and Samali (1995) study also demonstrated that active TMD 
systems controlled and adjusted either by hand or by computer control can achieve even better 
results. Another study by Giaralis and Petrini (2017) explored coupling a TMD with an inerter, a 
two-terminal device programmed to resist the relative acceleration of its terminal. Such a tuned-
mass damper inerter (TMDI) helps suppress wind-induced oscillations in tall buildings. The 
study found that TMDIs reduce peak top-floor acceleration more effectively than pure TMDs, 
and also greatly reduced the stroke of the TMD (Giaralis & Petrini, 2017). There has been much 
research seeking to reduce TMD size or relocating them to fewer valuable spaces in the 
buildings. Research has been conducted testing use of multiple smaller TMD located at the very 
top floor of a model buildings to compare a multiple tuned-mass damper (MTMDs) system to a 
conventional single TMD system. Previous studies studying the effectiveness of using two 
compared to one TMDs. Xu and Igusa (1992) showed that MTMDs located at the very top floor 
were more effective in reducing peak top floor acceleration of the model building than a 
traditional TMD or MTMD located in traditional locations (Elias & Matsagar, 2014).   
Another type of auxiliary dampers is tuned-liquid dampers (TLD), a group of auxiliary 
damping devices that encompass both tuned liquid-column dampers (TLCD) and tuned sloshing 
dampers (TSD). These devices work by confining a large amount of water in a tank near the top 
of the building. When the building is excited by lateral load, the water sloshes in the tank and the 
sloshing energy can be used to reduce the dynamic response of the building. In general, the 
performance of TLDs is proportional to the mass of the water relative to the mass of the building, 
and research has shown that traditional TLD systems can reduce vibrations in a tall building by 
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nearly 80% (Mondal, Nimmala, Abdulla, & Reza, 2014). Another study by Cammelli, et al., 
(2016), proposed a TLCD system for a 42-story building design that had experienced significant 
wind-induced vibrations and displacements in its upper stories. Two identical TLCD systems 
were introduced to the upper floor and analyzed using a computational fluid dynamic model that 
predicted the twin TLCD system would improve the structural response of the building to wind 
loading by 30% (Cammelli et al., 2016). TLD devices have been installed in real world structures 
and used to mitigate wind-induced vibrations with great success. Research conducted by Tamura, 
et al., (1995) conducted modeling of TLD on four buildings and compared the damping ratios of 
the buildings before and after the installation of the TLD devices, finding that generally the TLD 
reduced the acceleration response of the buildings during strong winds from 33-50% with a 
water-to-building mass ratio of 1/350 to 1/150. The authors also found that the vibrations 
perceived by occupants was significantly reduced after installation (Y Tamura & Fujii, 1995). In 
addition to their effectiveness, TLD systems have several other desirable qualities, including 
simplicity and low cost.  
Finally, there are several aerodynamic strategies for reducing wind-induced vibrations on 
high-rise structures. In general, aerodynamic techniques such as changes to the building 
geometry and various facade systems can be used to adjust the aerodynamic characteristics of the 
building to change the resulting wind-induced excitation levels. Compared to structural systems 
and auxiliary-damping devices, use of aerodynamic devices and modifications still remains a 
largely open research area.  
One of the most well researched aerodynamic modifications to reduce wind-induced 
vibrations is changing the building geometry. Research conducted by Tamura, et al., (2017) 
studied the wind force on several unconventional building shapes, including 180° helical, 
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triangular prism, tilted, tapered, and set-back buildings. Other models tested included rectangle, 
square, and oval base shape buildings as well as buildings with a few small modifications such as 
chamfered corners. The study found that increasing the number of sides on a polygonal building 
decreased the wind-induced response, most specifically for a large increase from three sides to 
five. The results showed that buildings with larger bases generally fared worse in the wind-
tunnel test than other buildings. The authors also found that 10% chamfered corners reduced the 
integrated normalized speed-up area of the building by 30% (Yukio Tamura et al., 2017). A 
research study conducted by You, et al., (2008) also studied the effects of various taper ratios 
ranging from 0 – 15% on the wind response of a model square building. It was found that the 
greatest difference was generated at the 0° angle of attack. Models with a tapering ratio of 10% 
exhibited a noticeable impact on the building’s peak acceleration and maximum displacement 
(You et al., 2008).  
Additional research on testing the effectiveness of corner chamfering has been conducted. 
A study comparing the wind response of a model tall rectangular building to a similar building 
with chamfered and slotted corners was carried out by Kwok (1988). It was found that slotted 
corners produced minimal results in the along-wind direction, while the chamfered corners 
produced up to a 40% reduction in wind response compared to the plain rectangular model. In 
the crosswind direction, both chamfered and slotted corners produced a 30% reduction in wind 
response (K C S Kwok, 1988). Other research studies have looked into corner modifications, 
including rounded, slotted, and chamfered corners, and fins. Research has shown that round 
corners produce similar results to chamfered corners and, more interestingly, fins increased the 
along-wind response of the building due to the increase in the projected area normal to the wind 
while decreasing the across-wind response (Kenny C S Kwok & Bailey, 1987). Additional 
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research has looked at introducing gaps/holes of various sizes and distributions into the top half 
of a building. In a Dutton and Isyumov (1990) study, a square building model was tested in a 
wind tunnel to gauge the model wind response compared to that of a plain square model, and it 
was found that the gaps can be helpful in reducing the cross-wind excitation of the building but 
had negligible effect on the along-wind forces (Dutton & Isyumov, 1990).  
Finally, there has been recent research that focused on creating smart facades and 
adapting double facades to reduce wind-induced vibrations in tall buildings. Smart facades are 
manual or computer-controlled systems able to adapt to varying wind speeds and directions to 
adjust the wind-induced response of the structure. These changes include adding or reducing 
roughness of a building face or changing the angle of corner fins. A study by Lignarolo, et al., 
(2011) examined the effectiveness of a smart morphing facade system fabricated from smart 
materials. Several building models with various facade types were tested using computational 
fluid dynamic (CFD) software. It was observed that using a smart facade system can have a large 
impact on the wind flow field. The authors theorize that using the right facade design and 
orientation, the smart morphing facade could significantly reduce the wind load on structure 
(Lignarolo et al., 2011).  
A study by Abdelaziz and Hobeck (2019) explored smart morphing facades consisting of 
plates attached to the face of a building but able to vary in orientation through a central controller 
module. Plates attached to the building solely through a linear spring damper and allowed to 
translate vertically based on measurements around the plate were also tested. Data collected and 
analyzed throughout the simulations was used to compute the best plate orientation for a given 
wind force and direction, and preliminary results showed a 94% reduction in the amplitudes of 
wind-induced vibrations (Abdelaziz & Hobeck, 2019). There has also been research on how best 
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to utilize a double facade to mitigate wind induced vibrations. A double façade is a system of 
two facades applied to a building, one on the face, the other offset by a distance, usually about 
two meters away from the building face. Air can flow through the gap either through a different 
system or naturally. Double façade systems are utilized primarily to protect against the elements 
and for aesthetic purposes. There has been recent research by Moon (2015) concerned with how 
to utilize double facades for reducing wind-induced vibration, including adding dampers to the 
connections between the facade and the building, and adding small TMDs (K.-S. Moon, 2015).  
Another study conducted by Hu, et al. (2017) investigated changing the wind-induced 
response of the facade itself through by adding vertical openings to the double facade system. 
Models with varying sizes of openings in the facades were tested and it was found that even 
having only one central vertical opening drastically decreased the wind-induced response in the 
cross-wind direction, while the openings had negligible effects in the along-wind direction  (Hu 
et al., 2017). Nevertheless, double façade and smart morphing facade systems still represent very 
open research areas with plenty of unexplored avenues to study.  
 
Aerodynamic Shape Effects on Building Response 
Since wind loads and vibrations generally are affected by the aerodynamic shape of a 
body, researchers have tried to use such effects in mitigating wind-induced loads and vibrations 
on buildings, especially tall buildings that are more flexible and vulnerable to wind. However, if 
aerodynamic modifications are to be used a mitigation strategy, researchers must study the 
effects on aerodynamic characteristics of changing building shape. Many of these studies are 





Table 2.1: List of studies that focus on the aerodynamic shape effects on tall buildings. 
 
Source Experiment Base Shape 
Flow 
Type 




CFD  Square ABL 1.0 B/D  1.70 0.85 ⁻ 
 
CFD  6 Sided 
Polygon 
ABL 1.0 B/D  1.20 0.85 ⁻ 
 
CFD  8 Sided 
Polygon 
ABL 1.0 B/D  1.01 0.80 ⁻ 
 
CFD  10 Sided 
Polygon 
ABL 1.0 B/D  0.85 0.75 ⁻ 
 
CFD  12 Sided 
Ploygon 
ABL 1.0 B/D  0.90 0.80 ⁻ 
 
CFD  14 Sided 
Polygon  
ABL 1.0 B/D  0.87 0.80 ⁻ 
Tang et al.,  
(2013) 
CFD  Square Uniform 1.0 B/D  
Area of 100m2 
1.57 
1.68 
⁻ 2D  
2D corner facing inlet 
 
CFD  6 Sided 
Ploygon 
Uniform 1.0 B/D  
Area of 100m3 
1.15 
1.44 
⁻ 2D  
2D corner facing inlet 
 
CFD  8 Sided 
Polygon 
Uniform 1.0 B/D  
Area of 100m4 
1.25 
0.98 
⁻ 2D  
2D corner facing inlet 
 
CFD  10 Sided 
Polygon 
Uniform 1.0 B/D  
Area of 100m5 
0.90 
1.07 
⁻ 2D  
2D corner facing inlet 
 
CFD  12 Sided 
Polygon 
Uniform 1.0 B/D  
Area of 100m6 
0.92 
0.83 
⁻ 2D  
2D corner facing inlet 
 
CFD  14 Sided 
Polygon  
Uniform 1.0 B/D  
Area of 100m7 
0.76 
0.58 
⁻ 2D  
2D corner facing inlet 
 
CFD  16 Sided 
Polygon  
Uniform 1.0 B/D  
Area of 100m8 
0.57 
0.72 
⁻ 2D  
2D corner facing inlet 
 
CFD  18 Sided  
Polygon 
Uniform 1.0 B/D  
Area of 100m9 
0.70 
0.57 
⁻ 2D  
2D corner facing inlet 
 
CFD  20 Sided  
Polygon 
Uniform 1.0 B/D  
Area of 100m10 
0.56 
0.67 
⁻ 2D  
2D corner facing inlet 
 
CFD  Circle Uniform 1.0 B/D  
Area of 100m11 








CFD  Rectangle  Uniform  (185x45x30)m 
1.5 B/D 
















Model Details  CD CL Other 
Szalay, 
(1989) 
Experimental Square Uniform 3:1 H/B ; 1.0 B/D 
H/B =∞  ; 1.0 B/D 
0.88 
⁻ 
⁻ 1:150 Geometric Scale 
Corner Facing Inlet 
 
Experimental 12 Sided 
Polygon 
Uniform 3:1 H/B ; 1.0 B/D 
H/B =∞  ; 1.0 B/D 
0.65 
1.02 
⁻ 1:150 Geometric Scale 
Corner Facing Inlet 
 




Uniform 3:1 H/B ; 1.0 B/D 
H/B =∞  ; 1.0 B/D 
0.56 
0.62 
⁻ 1:150 Geometric Scale 
Corner Facing Inlet 
 




Uniform 3:1 H/B ; 1.0 B/D 
H/B =∞  ; 1.0 B/D 
0.54 
0.66 
⁻ 1:150 Geometric Scale 
 
Experimental Circle Uniform 3:1 H/B ; 1.0 B/D 
H/B =∞  ; 1.0 B/D 
0.72 
0.81 
⁻ 1:150 Geometric Scale 
Obasaju, 
(1992) 








Short Side  
1:250 Geometric Scale 
 









1:250 Geometric Scale 
Luo et al.,  
(1994) 
Experimental  Triangle Uniform (50x50)mm 
  
2.10 0.00 2D model 
 
Experimental Square Uniform (50x50)mm 
1.0 B/D  
2.20 0.00 2D model 
Igarashi,  
(1997) 
Experimental Square Uniform (30x30)mm 
1.0 B/D 
2.30 ⁻ 2D model 
 
Changing the aerodynamic shape of buildings can vary the wind loads and their effects 
on buildings. To examine this closely, researchers have considered testing polygons with 
different numbers of sides ranging from square to circular.  An earlier study by Szalay (1989) 
investigated and tested drag coefficients of 43 and 48-meter long 16-sided polygon lighting 
columns and compared the results with 4 and 12-sided polygons and circular cylinders. The 
models were tested in a recirculation type wind tunnel with a uniform wind velocity ranging up 
to 20 m/s and a 1:150 geometric model scale. The following tests were considered: First, perform 
drag measurements of models with aspect ratios h/d = 3 for 4, 12, and 16-sided polygons and 
circular cylinders. Second, perform pressure measurement and drag calculation on the models 
with aspect ratio h/d = 3 and h/d = infinity. Third, investigate the dependence of the drag 
coefficients on Reynolds number. Finally, measure the effect of both sharp and smoothed edges 
of a 16-sided polygon (Szalay, 1989). 
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Measured results were compared against values available from the literature at that time, 
and it was found that comparable measured values fit well with the available literature data with 
similar circumstances, aspect ratio, etc. The expectation of Szalay (1989) was that the 16-sided 
polygonal cylinder’s drag coefficient would fall between the circular and the 12 sided polygon 
cylinder, but the results were in conflict with the expectation, in that the drag coefficient for the 
16-sided polygon was smaller than for the circular cylinder. This may be explained by the 
different Reynolds number dependence and sensitivity.  
Reynolds number dependency becomes more effective as the polygons approach 
circularity, so a measured drag value should be relevant to a Reynolds number or a narrow range 
of Reynold numbers, leading to agreement that a more complete drag curve for a wider range of 
Reynold numbers would be necessary. Moreover, the study revealed no remarkable differences 
between sharp and rounded edges on 16-sided polygons (Szalay, 1989). 
In a similar more recent study, Jang & Chien (2009) conducted CFD simulations to study 
the effects of changing the number of sides of a polygon using an aspect ratio (B/D) 0f 1. The 
simulation had ABL conditions rather than the uniform boundary conditions used in the Szalay 
(1989) study. As expected, the ABL condition results in relatively higher coefficients and loads 
compared to the uniform boundary condition. Also, the Jang & Chien (2009) study reported the 
same trend, i.e., increasing the number of sides results in drag coefficients decreasing 
significantly, and it can be concluded that as the shape of the building approaches circularity, the 
drag coefficients drop drastically. However, this effect cannot be seen to exhibit the same trend 
in lift coefficients (Jang & Chien, 2009). 
In another study, Tang, et al., (2013) investigated the drag on high-rise buildings of 
various shapes using computational fluid dynamics computed by CFX V12.1 ANSYS, and the 
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effect of twisting the building on reducing drag was also considered. Previous studies on 
polygonal geometries by Szalay(1989), using a wind tunnel, and Jang & Chien (2009), using 
numerical simulations, found some agreement with design codes, although not all results agreed 
with design codes. Tang, et al., (2013) further investigated the wind drag of polygonal towers 
with various numbers of sides and rounded corners. They considered two shape-control factors, 
the number of polygon sides and the radius of round corners, when investigating the wind drag 
of straight polygonal towers. Also, the wind velocity, flow density, and floor plan area were kept 
constant same when comparing the wind drag.  
Drag coefficients of N-sided polygonal towers for 9 polygonal towers with the number of 
sides ranging from 4 to 20 and a 100 m2 cross sectional area were investigated by Tang, et al., 
(2013). A circular tower was included for comparison purposes. The results exhibited the same 
trend as previous studies, where the drag coefficient decreases as the number of sides increases. 
It was also noticed that the decrease in drag coefficient, Cd, was less when the number of sides 
increased to more than 14; a 14-sided polygonal tower Cd was about 40% that of a square tower 
with the same cross-section.  
With respect to the drag coefficient of square towers with rounded corners, it was 
observed that an alternative way of changing a square to a circle was applying rounded corners to 
a square and increasing the fillet radius, and gradually changing the square to circle in this way 
led to a decrease in the drag coefficient (Tang et al., 2013).  
With respect to rectangular models, Shiraishi, et al., (1988) was one of the earliest studies 
that looked at the aerodynamic shape effects. In that study the testing was conducted in a wind 
tunnel on a 2D rectangular model with aspect ratio (B/D) of 1.46 in a uniform boundary layer 
wind. The main focus was on the drag and lift coefficients at a 0° angle of attack, and it was 
25 
 
found that the drag coefficient (CD) was 1.8 and the lift coefficient (CL) was 0 (Shiraishi et al., 
1988). In another study by Obasaju (1992), while a rectangular section building was also the 
focus, here the testing was done on a 3D CAARC standard building model in a wind tunnel. A 
1:250 geometric scale was used, and the wind inlet boundary conditions were varied between 
uniform and ABL, atmospheric boundary layer. Obasaju (1992) tested a rectangular CAARC 
building with an aspect (B/D) ratio of 1, along both the short and long sides with a 0° angle of 
attack. For the uniform boundary condition, CD was 0.99 and 1.50 for the short and the long 
side, respectively, and the CL, results were 0 for both the short and long sides. On the other 
hand, for ABL conditions, CD was 0.96 and 1.80 for the short and long sides, respectively, while 
CL was still 0 for both sides (Obasaju, 1992). 
 Additional studies have focused on the rectangular building shape using CFD, 
computational fluid dynamics, simulations. A study by Wahrhafting & Silva (2018) considered a 
rectangular building with a 1.5 B/D ratio, with small balconies sticking out of the building. An 
ABL inlet condition was used and a CD value of 2.55 was reported (de Macêdo Wahrhaftig & da 
Silva, 2018). Alminhana, et al., (2018) also studied a rectangular building with a 1.5 B/D ratio 
but with different building dimensions. Uniform boundary conditions were used and there were 
no balconies, just a plain rectangular building. Results CD and CL values were 2.43 and 1.20, 
respectively (Alminhana et al., 2018). 
Luo, et al., (1994) studied square and triangular shape models in 2D wind tunnel 
experiments with uniform boundary conditions. For the square models, dimensions were 50 x 50 
mm with an aspect ratio (B/D) of 1. The resulting CD was 2.20 and the CL was 0 (Luo et al., 
1994). A very similar 2D study of square models conducted by Igarashi (1997) considered a 
square shape of dimensions of 30 x 30 mm with a B/D of 1, and the test was conducted in a wind 
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tunnel with uniform boundary conditions. The resulting CD was 2.30, close to the results of the 
Luo, et al., (1994) study (Igarashi, 1997). A more recent 2D study by Tang, et al., (2010), looked 
at different polygons of different size using CFD simulation with uniform boundary conditions. 
For the square section, the area was set to be 100 mm2 with B/D of 1. The model was tested once 
with the wind facing the flat side and another where the wind was facing the corner. The 
resulting CD values were 1.57 and 1.68 for the flat side and corner, respectively (Tang et al., 
2013) smaller than those from previously-discussed studies using 2D testing on square models. 
However, the testing used CFD simulation and not an actual wind tunnel, and while could lead to 
some differences, but probably not over such a range.  
With respect to 3D square models, a Szalay (1989) study tested a 4-sided square polygon 
in a wind tunnel with uniform boundary conditions. The square model had a B/D ratio of 1 and a 
H/B ratio of 3 with a 1:150 geometric scale, and the result was a 0.88 CD value (Szalay, 1989). 
In addition, Jang & Chien (2009) investigated a 3D square model (B/D = 1) using CFD 
simulation and with ABL conditions, and CD and CL were found to be 1.70 and 0.85, 
respectively (Jang & Chien, 2009). In a Dutton and Isyumou (1990) study, a 3D square model 
was tested in an ABL condition wind tunnel. The model was of 1:400 geometric scale with 
dimensions 900 x 100 x 100 mm (B/D = 1). Dutton and Isyumou (1990) looked at the pressure 
coefficient on the building, and it was 0.60 for this square model (Dutton & Isyumov, 1990).  
Regarding triangular models, Luo, et al., (1994) tested a triangular 2D model of 
dimensions 50 x 50 mm in a wind tunnel experiment with uniform boundary conditions. The 
results of drag and lift coefficients were a CD of 2.10 and a CL of 0 (Luo et al., 1994). Daemei, 
et al., (2019) tested a 3D triangular model using CFD simulations with uniform boundary 
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conditions. The model, with a H/D ratio of 6 and a 120 m height, produced a CD of 0.79 
(Daemei et al., 2019). 
Studying aerodynamic shape effects from another perspective, Tanaka, et al., (2012) 
investigated the effect of changing the base shape of the building on the mean overturning 
moment coefficients, CMD and CML, respectively, in both the along- and across-wind 
directions. The study, conducted in a wind tunnel with ABL conditions and at 1:1000 geometric 
scale, considered a rectangular shape with a B/D of 2.0, and square, circular, and elliptical base 
shape models, as shown in Table 2.1. As can be seen from the results, as the shapes tends more 
toward circularity, both CMD and CML decrease. It was found that the rectangular-shaped 
model had the highest CMD and CML, while the circular-shaped model had the lowest (Tanaka 
et al., 2012). 
Since wind can come from any direction, angle of attack (AOA) should be considered in 
assessing aerodynamic shape effects on building response. Some researchers have considered 
this, and a couple of studies discussed earlier looked at the effects of varying the angle of attack. 
Table 2.2 is a list of studies that considered the effects of angle of attack and it includes their 









Table 2.2: List of some studied from Table 2.1 that considered the effects varying the angle of 







Model Details  
AOA 
(°) 
CD CL Other 
Obasaju, 
(1992) 








1:250 Geometric Scale Wind 
Normal to long side at AOA = 0° 
 








1:250 Geometric Scale  
 








1:250 Geometric Scale  
 








1:250 Geometric Scale  
 
Experimental Rectangle  ABL (732x183x122)mm 
1.50 B/D 
20 1.47 -0.60 1:250 Geometric Scale  
 
Experimental Rectangle  ABL (732x183x122)mm 
1.50 B/D 
25 1.50 -0.40 1:250 Geometric Scale  
 
Experimental Rectangle  ABL (732x183x122)mm 
1.50 B/D 
60 1.28 -0.30 1:250 Geometric Scale  
 
Experimental Rectangle  ABL (732x183x122)mm 
1.50 B/D 
70 1.10 -0.10 1:250 Geometric Scale  
 
Experimental Rectangle  Uniform (732x183x122)mm 
1.50 B/D 
75 0.80 0.42 1:250 Geometric Scale  
 








1:250 Geometric Scale  
 








1:250 Geometric Scale  
 








1:250 Geometric Scale  
Luo et al.,  
(1994) 
Experimental Square Uniform (50x50)mm 
1.0 B/D  
0 2.20 0.00 - 
 
Experimental Square Uniform (50x50)mm 
1.0 B/D  
5 2.20 0.30 - 
 
Experimental Square Uniform (50x50)mm 
1.0 B/D  
10 1.80 0.50 - 
 
Experimental Square Uniform (50x50)mm 
1.0 B/D  
15 1.60 0.70 - 
 
Experimental Triangle Uniform (50x50)mm 
  
0 2.10 0.00 Wind Normal to flat side at 
 AOA = 0° 
 
Experimental Triangle Uniform (50x50)mm 
  
5 2.10 0.20 - 
 
Experimental Triangle Uniform (50x50)mm 
  











Model Details  
AOA 
(°) 
CD CL Other 
 
Experimental Triangle Uniform (50x50)mm 
  
15 2.15 0.50 - 
 
Experimental Triangle Uniform (50x50)mm 
  
20 2.10 0.70 - 
Luo et al.,  
(1994) 
Experimental Triangle Uniform (50x50)mm 
  
25 1.80 0.90 - 
 
Experimental Triangle Uniform (50x50)mm 
  
30 1.40 0.90 - 
 
Experimental Triangle Uniform (50x50)mm 
  
35 1.40 0.90 - 
 
In the Obasaju (1992) study, different angles of attack were used in testing a rectangular 
CAARC standard building in a wind tunnel, and boundary conditions were varied between 
uniform and ABL conditions. As can be seen in Table 2.2, CD and CL results significantly 
fluctuated with angle of attack, confirming that the angle of attack has a huge impact on building 
wind loads. It was observed that, under ABL conditions, the values of CD and CL were higher 
compared to those obtained under uniform conditions (Obasaju, 1992). Similarly, Luo, et al., 
(1994) studied the effect of changing the angle of attack on square and triangular building 
models. This study was also conducted in a wind tunnel, but with uniform rather than ABL 
boundary conditions. Also, shown in Table 2.2, the results of CD and CL significantly fluctuated 
with changes in angle of attack (Luo et al., 1994)  
In summation, it was proven by different studies that aerodynamic shape affects the wind 
load on buildings and their responses, and the most common trend was that the closer to 
circularity the less the coefficients and load values. It was also observed that ABL conditions 
reflect more realistic results since they mimic actual atmospheric boundary conditions, even 
though with ABL conditions higher coefficients and loads were obtained.  In general, drag and 
lift coefficients varied considerably among the different studies for similar aerodynamic shapes; 
this result may be dependent on the dimensions of the models used, the wind properties, and 
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terrain conditions applied. Generally, understanding how different aerodynamic shapes perform 
with various angles of attack can be helpful when designing smart morphing façade systems in 
the future. 
 
Aerodynamic Shape Modifications on Buildings 
Tall buildings have traditionally been designed as symmetric rectangular, triangular, or 
circular in plan to avoid torsional vibrations due to eccentricities. Nowadays, free-style design is 
increasing due to the challenging design demands for architects and structural engineers. On the 
other hand, unconventional configurations may have advantages with regard to aerodynamic 
properties behavior under crosswind excitations, an important issue in tall building design. 
Aerodynamic shape modifications can be used to reduce wind-induced forces and pressure 
distributions on tall buildings (Tanaka et al., 2012). 
Aerodynamic modifications on tall buildings are generally divided into two major and 
minor groups. Major modifications such as set-back, tapering, openings, variable building shape, 
twisting, etc. produce significant effects on structural and architectural concepts, while minor 
modifications like slotted corners, chamfered corners, corner recession, roundness of corners, 
etc., have more limited effects on structural and architectural concepts, (Elshaer, Bitsuamlak, & 
El Damatty, 2014). This paper will discuss both modification groups. 
The effectiveness of any aerodynamic modification applied to a building model is usually 
examined in terms of wind-induced forces, coefficients, pressure distributions, etc. For example, 
pressure distribution on building walls can be affected by many factors, including approach-flow 
conditions, urban surroundings, building geometry, and wind direction. There are commonly 
three different approaches used to determine pressure coefficients: full-scale on-site 
measurements, reduced-scale wind tunnel measurements, or numerical simulation with 
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computational fluid dynamics (CFD). In terms of drag, the total drag coefficient Cd of a rough 
wall, for example, is affected by both frictional drag and form drag, with the latter dominant in 
most cases. When seeking a surface-pressure distribution, the desired testing method is the 
pressure measurement method, where the wind pressure on the surfaces can be measured by a 
scanning valve system without mechanical elements, even though the most-preferred method is 
the direct force balance measurement method, where the model is mounted in the wind tunnel on 
a special machine called a force balance to measure forces (Li, Liu, & Gao, 2015). As stated by 
Montazeri and Blocken (2013) CFD testing have advantages over the wind tunnel testing, such 
as CFD does not suffer from incompatible similarity requirements since simulation can be 
conducted in full scale. Also, unlike in wind tunnel testing, with CFD simulations building 
configurations can easily be changed (Montazeri & Blocken, 2013). 
 
Major Modifications 
Considering different building shape major modifications, a series of wind tunnel 
experiments were performed by Tanaka, et al. (2012) to determine aerodynamic forces and wind 
pressures on square-plan tall buildings models with various modifications, investigating 
aerodynamic characteristics to evaluate the most efficient structural configuration of tall building 
in terms of wind aerodynamic performance. In that study, tall building models with a geometric 
scale of 1:1000 were tested in a closed-circuit boundary layer wind tunnel with full-scale total 
volume and height fixed at 1,000,000 m3 and 400 m, respectively, constant H/B =8, and width B 
= 50 m (Tanaka et al., 2012). 
The models in the Tanaka study were divided into seven categories: basic, corner 
modification, tilted, tapered, helical, openings, and composite models, as shown in Table 2.3. 
This subsection will discuss the major shape modification models, five out of the seven cases 
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that Tanaka studied and compared to the basic models. Since the corner modification case is a 
considered a minor modification, it will be discussed in the next subsection, i.e., minor 
modifications. 
1- Basic models: square, rectangular, and elliptical plan models, where the side ratio of the 
rectangular and elliptic models is 1:2 and Reynolds number for circular models 
Re=2.9x104 was used. 
2- Tilted models: for these models the roof floor is displaced by 2B from the base floor, 
where B is the width of the model; for the winding models, the floors at 0.25H and 0.75H 
are shifted to the left and right by 0.5B, respectively, from the middle floor.  
3- Tapered models: these models are divided into five types: 2-Tapered model with only 
two tapered surfaces, 4-Tapered models with 4 tapered surfaces, inversely-tapered model, 
the inverse of the 4-Tapered model, bulged model in which the sectional area at mid-
height is expanded, and set-back model with a 4-layer setback. The tapering ratio was set 
to 10% and the area ratio of the roof floor to the base floor was set at 1/6, while for the 
bulged model the ratio of the roof floor or the base floor to the middle floor area was 1/3.  
4- Helical models: the sectional shapes of these models are square and rectangular, and the 
twist angle ϴ between the roof floor and the base floor is set to be 90°, 180°, 270°, and 
360°.  
5- Opening models: there are three cross-opening models and three oblique-opening models, 
where openings are provided at the top-center and top-corner of the walls, respectively. 
Three different opening heights h=2H/24, 5H/24, and 11H/24 are considered to examine 
the effect of the opening size on the aerodynamic characteristics. 
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6- Composite models: these models have combined configurations from the signal 
configurations listed above. Composite models considered include: 360° helical and 
corner-cut model, 4-Tapered and 360° helical and corner-cut model, set-back and corner-
cut model, and 45° rotating set-back model. 
Table 2.3: Study aerodynamic modifications models (Tanaka et al., 2012). 
 
 
The wind direction angle was changed in 5° increments from 0° to 45° or to 180° based 
on the configuration. For wind force measurements, Figure 2.3 shows the variation of the mean 
along-wind overturning moment coefficient CMD and the mean across-wind overturning 
moment CML with variation of the wind direction angle. Figure 2.4 also shows the maximum 




Figure 2.3: Variation of mean overturning moment coefficients with different angle of attack. (a) 
along-wind direction and (b) across-wind direction (Tanaka et al., 2012). 
 
 
Figure 2.4: Comparison of maximum mean overturning moment coefficients for all considered 
test models (Tanaka et al., 2012). 
 
Based on the Tanaka, et al., (2012) results presented in Figures 2.3 and 2.4 for the major 
modification cases, the 4-Tapered and setback models performed better in terms of the maximum 
mean overturning moments coefficient in the along-wind direction, while the helical and cross-
opening with h/H=11/24 models performed better in the across-wind direction. It was also 
observed that composite models with multiple modifications generally performed better 
aerodynamically compared to the single modification cases. According to Tanaka, for the square 
models all vortex components are shed at almost the same time along the height, while for the 4-
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Tapered, set-back, and 180° helical models they varied with height due to changing shedding 
frequencies along the height. Finally, in the 180° helical models, wide-band weal vortices are 
shed irregularly throughout the height. This suggests that, as mentioned above, the 180° helical 
models have better aerodynamic performance. In general, all models exhibited high correlation 
between mean and fluctuating coefficients in both along- and across-wind directions (Tanaka et 
al., 2012) 
A similar study dealing with major building-shape modifications and conducted by Kim, 
et al., (2014) involved testing 13 super-tall building models with atypical shapes in a closed-
circuit boundary-layer wind tunnel. However, that study considered major shape modifications 
from another perspective, one in which wind-load effects on peak normal stresses were 
compared across the different modifications. The wind speed and turbulence intensity considered 
were 11.8 m/s and 0.09%, respectively. As shown in Table 2.4, five of the thirteen major 
modifications tested were with single aerodynamic modifications and five were with multiple 
modifications, the square model being the reference model. Since corner modifications are 
considered minor modifications, the chamfered corners and corner-cut models will be discussed 
in the next subsection that discusses minor modifications. The width B of the square model (SQ), 
0.05 m, was used as the representative width in the study. The height (H) was 0.4 m, resulting in 
an aspect ratio of H/B = 8, and a 1:1000 geometric scale was used for all models. A total volume 
of 106 m3 for the buildings at full-scale was fixed for all models (Kim et al., 2014). 
 
1- Tapered model (TP): the tapering ratio is defined as (base width – roof width)/height * 
100%. Kim, et al., (2014) used a 10% tapering ratio, a practical value. 
2- Set-back model (SB): 4 layers of set-back were used, and the area ratio of the roof floor 
to the base floor was 1/6. 
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3- Helical models: two helical models with helical angles of 90 degrees (90Hel) and 180 
degrees (180Hel).  
4- Opening model: the Cross-void model had a void at the top center part with a size of 
5H/24.  
5- Composite models: Five multiple modification shapes: corner-cut + 180 helical 
(CC+180Hel), taper + 180 helical (TP+180Hel), corner-cut + taper + 180 helical 
(CC+TP+180Hel), corner-cut + taper + 360 helical (CC+TP+360Hel), and setback with 
rotation (SB+45RT). 
Table 2.4: Aerodynamic modifications models (Kim et al., 2014). 
 
  
The largest peak tensile stress for Kim, et al., (2014) models relative to the square model 
(SQ) are shown in Figure 2.5 below. The largest peak for SQ is around 11 kN/cm2. The results 
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show that the square model, the reference model, had the largest normal peak stress among all 
models, and the largest normal peak stress for multiple modification models were generally 
smaller than for the single modification models. Across all the tested models, the model with 
corner-cut, tapering, and 360° helical modifications had the smallest peak stress. Among the 
single- modification models, the setback model had the smallest peak stress. It could be observed 
that, in multiple modification models, the addition of corner-cut and 180° helical modifications 
had essentially negligible effect. Also, in multiple-modifications models the peak normal stress 
exhibited very small changes with variable angle of attack (Kim et al., 2014). 
 
Figure 2.5: Ratio of largest peak tensile stresses of models (Kim et al., 2014). 
 
With respect to twisted models, a study by Tang, et al., (2013). Investigated only one 
twisted model because since well-curved bodies usually attract less drag, it was assumed that all 
the twisted models behave similarly. Tang also compared straight polygonal towers and 
considered two factors: the number of polygon sides and the radius of round corners, when 
investigating the wind drag of straight polygonal towers. Also, when comparing the wind drag, 
the wind velocity, flow density, and floor plan area were kept constant. 
The twisted polygonal towers included a straight tower and three twisted ones with 60, 
120, and 180 degrees of twist. Dimensions of each tower were 30 m x 30 m x 150 m. a wind 
velocity of 25 m/s at the inlet and the corresponding Reynolds number 4.86x107 was used. 
Figures 2.6 (a) and (b) show the change in drag for the various twist angles, and Figure 2.6 (c) 
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shows the average of the two, assuming a wind coming evenly from all directions (Tang et al., 
2013).   
The results of the Tang study show that the wind drag keeps dropping after 67.5 degrees 
of twist angle but decreases slowly after that. The biggest drag reduction of a twist tower is about 
6% compared to that of the straight tower. Another advantage of twisting is that, with variation 
in cross-sectional shape, the Strouhal number varies with height, results in change in the 
shedding frequency with height (Irwin, 2008, 2009). While twisting can also be used to avoid 
undesirable across-wind force from vortex shedding, the numerical simulation used in this study 
revealed nearly insignificant drag reduction for twisted towers, while twisting tends to narrow 
down the change in wind drag when the wind direction is varied (Tang et al., 2013). 
Where previous studies have been mainly focused on modifying the most common 
building shapes, i.e., rectangular, square, and circular, Daemei, et al., (2019) used computational 
fluid dynamic (CFD) simulations to investigate seven different triangular buildings with 
aerodynamic modifications, including three with major modifications and three with minor 
corner modifications. The seventh building was the basic one with no modification that was set 
as the reference model. Figure 2.7 shows these models. This subsection will discuss the three 
major modifications: set-back, tapered, and helical. 
While the other three minor modifications: chamfered, rounded, and recessed corners, 
will be discussed in the next subsection dealing with minor modifications. The purpose of the 
Daemei, et al., (2019) study was to analyze the wind effect on the models to determine the one 
with the best aerodynamic behavior. The models were created in AutoCAD 2014 software, then 





Figure 2.6: (a) Drag of twist tower with edge facing inlet wind. (b) Drag of twist tower with 
vertex facing inlet wind. (c) Average of two wind direction (Tang et al., 2013). 
In this study, Daemei, et al. (2019) validated Autodesk Flow Design 2014 software by 
comparing the Flow Design results with the empirical results of Fadl and Karadelis (2013). The 
results of this validation showed an offset error of 6% between this software and experimental 
tests and computational stimulations by Fluent, making the software results acceptable.  
Results from all the Daemei simulations, presented in Figure 2.8, showed that, among the 






drag coefficients, 0.60 and 0.62, respectively. The tapered model exhibited a 24% reduction in 
drag coefficient compared to the basic model, while the setback model exhibited a reduction of 
about 21%. On the other hand, the helical modification showed no tendency to reduce the drag 
coefficient, with the drag coefficient increasing to 1.00 compared to the basic model that had a 
drag coefficient of 0.79, an increase of about 27%. These results led to the conclusion that, for 
major aerodynamic modifications, the tapered and set-back modifications are the best-
performing models aerodynamically. 
 
Figure 2.7: The considered models. (Daemei et al., 2019). 
 
Figure 2.8: Comparison of drag coefficients of models (Daemei et al., 2019). 
To conclude, it can be seen that one method for reducing wind loads on tall buildings is 
changing the building shape aerodynamically. In terms of major modifications, the most 
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effective modifications among all those discussed in previous studies were the tapered and 
setback modifications. Such reduction and improvement in building behavior under wind stress 
would be helpful to consider for newly constructed buildings. For existing building, other 
modification methods such as façade modifications, double façade systems, and other innovative 
bio-inspired façade systems that will be discussed in the next sections would be needed. 
However, these major modification results provide some good ideas that might possibly be 
applied on existing building, especially when developing a smart façade system that changes 
with varying wind behavior (Daemei et al., 2019). 
 
Minor Modifications    
As discussed, tall building became taller and more vulnerable to wind loads, aerodynamic 
modifications of buildings becoming more common for use in overcoming or reducing wind-
related problems. The previous section discussed major shape modification was presented, but 
the most common modifications are minor modifications, mainly corner modifications of 
buildings. 
Some of the building shape modification studies presented in the previous section 
touched on the effectiveness of corner modification. In the Tanaka, et al., (2012) study, one such 
technique was corner modification models, and two corner modifications were considered: 
corner-cut and chamfered-corner models. The modification length was set to 0.1B for both cases, 
B being the model width. The Tanaka results presented earlier in Figures 2.3 and 2.4 show that 
both these corner modifications performed better aerodynamically than the basic model in both 
along- and across-wind directions, showing that minor modifications such as corner-cut and 
chamfered corners can be more effective in both wind directions in reducing over-turning 
moment than most of the major modifications presented earlier (Tanaka et al., 2012). 
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The Kim, et al., (2014) study also discussed two minor corner modifications:  chamfered 
(CF) and corner-cut (CC) with a modification length of 0.1B. The largest peak tensile stresses in 
a square model with the different modifications were compared to the basic square model. As 
shown in Figure 2.5 and discussed earlier, while the chamfered corner and corner-cut 
modifications performed better than the basic model by about 30%, when comparing those minor 
modifications to the major modification, it can be seen that the major modifications performed 
better for the most part. Also, generally, multiple modifications including some corner 
modifications, exhibited smaller peak stresses than those with only single modifications (Kim et 
al., 2014). 
While previous studies had investigated rectangular and square base shape buildings, 
Daemei, et al., (2019) considered triangular-based buildings with various modifications. In terms 
of minor modifications, Daemei looked into: chamfered, rounded, and recessed corner 
modifications. According to the results shown earlier in Figure 2.10, such minor modification 
resulted in drag coefficients of 0.90, 0.88, and 0.43 for the chamfered, recessed, and rounded 
models, respectively. Compared to the basic triangular model that had a drag coefficient of 0.79, 
among the minor modifications, rounded corners exhibited the most efficient performance in 
reducing drag coefficient, with the rounded-corner modification reducing the drag coefficient to 
66% that of basic model. On the other hand, although the chamfered and recessed corners 
models exhibited weaker aerodynamic performance compared to the basic model, their behavior 
was relatively close to that of the basic model. These results led Daemei to the conclusion that 
the rounded corner aerodynamic modification should be recommended when designing a tall 
building with a triangular section and height of about 120 m (40 stories) (Daemei et al., 2019). 
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Another study by Kwok, et al., (1988) investigated the effects on wind-induced responses 
of a rectangular tall building of modifying edge configurations. The testing in Kwok, et al., 
(1988) was carried out in an open-terrain boundary-layer wind tunnel at a model geometric scale 
of 1/400. The reduced wind velocity was varied over a range of 4 to 20 and the damping was set 
to be 1% of the critical value. Reduced velocities used in this study were unitless and based on b, 
the width of the face normal to the wind direction. 
The results of the Kwok study showed that with slotted corners, mean, standard 
deviation, and peak responses were reduced significantly, and while  use of chamfered corners 
reduced the response by about the same amount as the slotted one, the results for the chamfered 
case was more considerable. The results showed that with use of chamfered corners, the 
reduction can reach up to 40% compared with the plain section over the range of wind velocities 
considered. When wind faced the wide side of a rectangular building, crosswind responses was 
significantly reduced using slotted and chamfered corners, and the reduction in the wake-excited 
response could reach up to 30% at the lower range of the considered velocities. When the 
reduced velocity is close to or above a critical value, about 9, the response was reduced by 
almost a factor of 2 or more. For the chamfered building, the critical reduced velocity was 
reduced from 9 to 8, noticeably reducing the strength of vortex shedding, but it remained as a 
dominant feature in the crosswind excitation process. On the other hand, when wind faces the 
narrow side if a rectangular building, no significant response peak indicating a dominant critical 
velocity effect was found. The slotted corner response in this case exhibited a 30% reduction, 
while use of chamfered corners exhibited a larger reduction, by up to a factor of 2, at the mid to 
high ranges of the reduced velocities considered. Slotted and chamfered corners also disrupted 
the vortex-shedding process that resulted in reducing the crosswind response.   
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Since it is important to consider the wind-direction angle when designing tall building, 
Kwok, et al., (1988) considered the effects on the response of the building model of changing the 
wind angle from 0° to 90° at a reduced wind velocity of 10 ,as shown in Figure 2.9. A similar 
trend was found when changing the reduced wind velocity from 10 to 6 and 15. It was observed 
that as the angle of wind direction increased, the separated shear layer tended to reattach to the 
windward face of the building and decrease excitation that would reduce the response. Based on 
these results, it can be concluded that such corner modifications reduce the effects of excitation 
and response characteristics. It was found that all three: chamfered, slotted corners, and some 
combination of them, significantly reduced both along- and crosswind responses (K C S Kwok et 
al., 1988).  
 
Figure 2.9: Effect of angle of wind incidence (K C S Kwok et al., 1988). 
 
Since aeroelastic instability such as vortex excitation and galloping phenomena are 
common in tall buildings, they must be considered in design of such structures. Kawai (1988) 
used boundary-layer wind-tunnel testing to investigate the effects of corner modifications and 
roundness on instabilities such as vortex-induced excitation and galloping oscillation for square 
and rectangular prisms. The testing was performed on 15 square and 11 rectangular prisms with 
side ratios of ½. The different corner modifications used are shown in Figure 2.10. For 
comparison purposes, circular cylinder and elliptical shapes were also tested. Each model was 50 
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cm in height with an aspect ratio of 10, and the damping ranged between 0.3% and 5% of critical 
damping; the terrain condition was suburban with a power exponent coefficient α = 0.2. A 1/600 
geometric scale and 3.4x104 Reynolds number was used (K C S Kwok et al., 1988). 
 
Figure 2.10: Sections of models with corner cut, recession, and roundness modifications (K C S 
Kwok et al., 1988). 
 
It was observed in the Kawai (1998) results that corner roundness was the most effective 
factor in suppressing aeroelastic instability in square prisms, and as roundness increased the 
amplitude of wind induced vibration decreased. Small corner cut and recession with b/B = 0.05 
are very effective in reducing instability, while for larger cut and recession they increase the 
instability at low velocity to decrease the onset velocity at low damping.  
For rectangular prisms with side ratios D/B = 1/2, larger corner cut, and recession 
increase instability at low velocity to marginally decrease onset velocity but reduce instability at 
high velocity. The roundness of the corners had virtually no effect on the instability for a 
damping ratio between 0.2% and 1.2%, but larger roundness, corner cut, and recession become 
effective in reducing instability when the damping ratio reaches 4%. On the other hand, for a 
rectangular prism with D/B = 2/1 the maximum amplitude can be affected by corner 
modification, but there is no corner modification that prevents vibration. Nevertheless, except for 
the model with a large corner recession b/B = 0.28, any corner modification can be effective at 
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high velocity. Kawai (1998) also noticed that while corner modifications have little effect on 
motion-induced vibration, at higher velocity they significantly decrease the response. Also, 
suppression of aeroelastic instability by small corner modification is not a result of suppression 
of vortex shedding but is due to an increase in damping (Kawai, 1998). 
A more recent study by Elshaer, et al., (2014) on minor aerodynamic modifications, 
corner modifications, and their effects on reducing drag coefficients of square buildings, 
considered five different corner modifications evaluated by CFD after being tested in a 
boundary-layer wind tunnel in a previous study by the authors. A comparison was conducted to 
evaluate the performance of the low-dimensional CFD based methods.  
The setup in that study followed a previous experimental study by Tamura, et al., (1999), 
but it dealt with additional shapes whose plan view cross-sections are presented in Figure 2.11. 
The dimensions of the normal square model cross section were 50 x 50 mm, and the 
modification length was set at 8.33 mm. The numerical model was verified by using Equation 
2.2 below to calculate the drag force of a sharp-edged square cylinder and found it to be 1.88. 
Table 2.5 compares this with drag coefficients produced by CFD models from a couple of 
previous studies (Elshaer et al., 2014).  
              (2.2) 
 
 
Figure 2.11: Cross sections of models considered (Elshaer et al., 2014). 
 
Results by Elshaer, et al., (2014) showed that, when the velocity profile was studied, the 







square was the best performer among all tested shapes. Moreover, with respect to velocity fields, 
the turbulent regions were observed to be bigger in the sharp-edges model, while the rounded 
shape had the smallest turbulent region among all tested shapes. 
Table 2.5: Comparison of drag coefficients from CFD models with couple of previous studies 
(Elshaer et al., 2014). 
 
  Lee Otsuki Tamura CFD model 
CD 2.05 2 1.95 1.88 
 
Figure 2.12 below from Elshaer, et al., (2014) depicts the drag coefficients of all the 
shapes in a reduction order, and because larger wake sizes result in higher drag coefficients, this 
order of reduction also matches the wake-zone sizes. It was observed that the drag coefficient 
can be reduced by up to 40% by using rounded corners, and the rounded-corners model among 
all the studied models furthermore had the lowest absolute pressure coefficients for the front and 
back faces, while the sharp-corners model exhibited the highest pressure coefficients. Another 
observation was that the variation in drag coefficient when changing the velocity and the 
corresponding Reynolds number did not exceed 6%, considered low, and this can be seen in 
Figure 2.13. According to Elshaer, et al., (2014), the rounded-corners shape was the best 
performing modification among the minor modifications tested in this study (Elshaer et al., 
2014).  
 





Figure 2.13: Drag coefficient for different velocities considered (Elshaer et al., 2014). 
 
To conclude the discussion of minor modifications, the rounded-corner modification was 
the most effective modifications among all those discussed in previous studies. Such reduction 
and improvement in building behavior under wind stress, and it would be helpful to consider in 
newly constructed buildings. As discussed earlier, for already existing building, other 
modification methods such as façade modifications, double façade systems, and other innovative 
bio-inspired façade systems are needed, as will be discussed in the next sections. However, as for 
major modifications, minor modification results can help provide some ideas about aerodynamic 
behaviors to be considered for existing building, especially when developing smart façade 
systems.  
 
Building Façade Modifications 
Passive Façade Modifications 
Introduction of roughness and façade modifications are rather easy modifications to apply 
to tall buildings, especially existing ones, for reducing wind loads and their effects on buildings. 
Even though it considers low-rise buildings, a relatively old study by Chand, et al., (1998) 
formed the basis of many other studies of wind effects on tall and super-tall buildings. Chand 
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investigated the effect of five-story building balconies on ventilation by inducing wind forces in 
a low-speed open-circuit wind tunnel. A scale of 1/30 was used for the model, of dimensions 60 
x 25 x 50 cm in length, width, and height, respectively. There were six rooms on each side of the 
wing on all floors, resulting in a total of 60 rooms. There were balconies on the 1st, 2nd,3rd ,and 
4th floors of the model, each with the dimensions of 15 x 5 x 3 cm length, width, and height, 
respectively (Chand et al., 1998). 
Results of that study showed that the presence of balconies altered the wind-pressure 
distribution generally downward on the windward side, while on the leeward side, the suction 
increased only insignificantly. It was observed that balconies near the upstream end of the wall 
were exposed to undisturbed wind, but due to the deflection of the flow caused by the balconies 
on the upstream end, those close to the downstream end of the wall may not receive the full 
impact of undisturbed wind, and some part of the wall may receive no wind at all. 
According to Chand, with openings on the windward side, it was seen that changes in 
aeromotive forces across openings located on the third floor were small compared to changes 
produced at the other floors. In the latter case, the ventilation-inducing force was reduced near 
the upstream end and is enhanced near the downstream end of the wall. It was also seen that, in 
the middle section of the wall, the addition of balconies results in a reduction of wind forces at 
ground level and the second floor and their enhancement at the other levels. On the other hand, 
when the openings were on the leeward side, it was seen that the balconies produced only a small 
reduction in the ventilation-inducing forces in the middle of the wall at the ground floor level and 
at the top floor. At all other locations, the effect was insignificant. It was also noticed that 
pressure was almost uniform over the entire leeward side, and the ventilation variation due to the 
presence of balconies was insignificant (Chand et al., 1998).  
50 
 
A later study by Montazeri and Blocken (2013) was conducted using CFD simulation to 
systematically evaluate 3D steady RANS, Reynolds-Averaged Navier-Stokes, for predicting 
mean wind pressure distributions on a mid-rise building façade both with and without balconies 
and for normal and obliquely approach-flow conditions. Since the validation for this study was 
based on the study of Chand et al. (1998), presented earlier, the mid-rise building and setup used 
were the same as in that study.  
The CFD results of were compared with wind tunnel measurements conducted by Chand 
et al. (1998) and they were in good agreement. The average absolute deviations for mean wind 
pressure distribution between the CFD results and the wind tunnel results were 0.069 and 0.070 
for the edge lines and center lines of the building, respectively, while at the leeward side the 
CFD results were underestimated when compared with the wind tunnel measurements 
(Montazeri & Blocken, 2013).  
In a Montazeri and Blocken (2013) study, sensitivity analysis was conducted in which 
various geometric and computational parameters were changed one at a time to study the effect 
of each on pressure distribution. The impact of computational grid resolution was first 
considered, and little difference was found between standard, fine, and coarse meshes, reflecting 
very limited dependence on grid resolution. Second, the impact of balconies on a perpendicular 
flow was investigated and good agreement with the measurements for both windward and 
leeward façades was observed. It was also observed that balconies had very large impact on 
pressure distribution. Finally, the impact of balconies of buildings for oblique approach flow was 
measured, and there was good agreement except for some significant local discrepancies due to 
balconies under oblique approach flow. These results showed that the impact of balconies for 
oblique flow was much more complex than for perpendicular flow. In general, it was shown that 
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balconies had a very strong impact on the wind pressure distribution, with the windward façades 
introducing multiple areas of flow separation, recirculation, and reattachment (Montazeri & 
Blocken, 2013).   
Based on the idea that surface roughness could change a body’s aerodynamics, Maruta, et 
al., (1998) performed a wind tunnel study on how building surface roughness affects drag. A 
basic model of a square building 25m wide and 75m high with a scale of 1:300 was tested for 
both uniform flow and boundary layer flow. The roughness of all the walls was varied as 
follows: uniform roughness of maximum size of 0.21m at full scale, and three kinds of balconies 
of size 0.63, 1.25, 2.5m without mullions and 0.63m with mullions. The wind direction, angle of 
attack, was varied from 0 to 20 degrees in 5-degree increments (Maruta et al., 1998). 
Maruta’s results showed that wind pressures were significantly affected by surface 
roughness, especially near the leading edge. With increasing surface roughness, the local severe 
peak pressure decreases, and the incremental roughness restrains the development of conical 
vortices for fluctuating wind pressure. In summary, surface roughness like window sash, wall 
texture, and balconies was found to reduce the peak pressures. 
For buildings with balconies, it can be seen that with increased surface roughness the 
power spectrum decreases, especially for larger balconies. Furthermore, the reduction in the 
power spectrum produced by a standing vortex (angle 13 degrees) is not as large as that produced 
by the inverted conical vortex (angle 0 degrees) (Maruta et al., 1998). A significant reduction in 
peak pressure can therefore be achieved by increasing the surface roughness. A reduction rate of 
0.67 was reached for the Maruta model with the largest balconies. Overall, an increase of surface 
roughness of the walls will reduce the peak pressure that reduces the drag (Maruta et al., 1998).  
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The idea that roughness could efficiently help reduce wind load on buildings led to more 
recent studies that considered the addition of appurtenances to provide surface roughness and 
reduce aerodynamic loads on buildings, especially tall buildings. A recent study by Yuan, et al. 
(2018) looked closely at the effects on local wind pressure of appurtenances to high-rise 
building. 21 configurations and a reference model without appurtenances were tested in a wind 
tunnel. The study focused on the effects of horizontal appurtenances with different vertical and 
horizontal distances between plates on a square building. The change of the building cross 
section was excluded from the Yuan study. The velocity scale was 1:8. The geometric scale was 
1:300, and the mean wind speed was 8 m/s with 17.2% turbulence intensity. Eight different types 
of models were tested, seven with appurtenances and one without as a reference. All models 
were of square cross section with B x D of 100 mm x 100 mm and height of 500 mm. Table 2.6 
lists the appendant parameters, with “d” indicating the extensional depth of the thin plates, “b” 
the horizontal gap between two adjacent plates, and “h” the vertical separation between two 
adjacent plates (Yuan et al., 2018). 
Table 2.6: Parameters of the appendant (Yuan et al., 2018). 
 
Category h hr=h/H b br=b/D 
Ref / / / / 
A1 20 mm 4% / / 
A2 20 mm 4% 20 mm 20% 
A3 20 mm 4% 20 mm 20% 
A4 20 mm 4% 20 mm 20% 
B1 20 mm 8% / / 
C1 20 mm 12% / / 
D1 20 mm 16% / / 
 
Each arrangement was tested with three different values of dr (dr=d/D), 7.5%, 10%, and 
12.5%, referred to as I, II, and III. The appurtenances were only added to the upper part of the 
building, the critical part, as shown in Figure 2.14. The angle of attack was also varied 




Figure 2.14: 3D sketch models, model configurations, and appurtenances parameters (Yuan et 
al., 2018). 
 
The results from Yuan, et al., (2018) showed that, except for models B1-III and C1-III, 
appurtenances did not significantly affect the distribution pattern and values of CPmax, the 
maximum pressure coefficient. The larger the depth (dr) of the appurtenances, the stronger the 
effect on the flow pattern. In general, the maximum reduction in positive peak pressure was less 
than 27%, so it can be concluded that the appurtenances did not strongly affect the CPmax 
values. While the discontinuous plates (A2, A3, and A4) produced only weak effects on the 
positive peak pressures, the effects of appurtenances on the negative peak pressure was stronger 
in comparison with the positive peak pressure, with the negative peak pressure at upper leading 
corner of the models with appurtenances significantly reduced. However, at the lower leading 
edge it was not severely affected. According to Yuan, et al., (2018) CPmin, the minimum 
pressure coefficient, can at the upper leading edge be reduced by 20% to 40% with 
appurtenances; the maximum reduction in the negative peak pressure was around 42%. It could 
be seen that lower dr percentage resulted in larger variation in the increased reduction. The 
vertical separation distance of the appurtenances had only a small effect on the CPmin values at 
the upper leading edge, while appurtenances at the upper part of the building did not significantly 
affect the CPmin at the lower leading edge.   
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As the plate depth increases, the variation of the negative peak pressure increases. The 
reduction factor at the upper leading-edge increases when br, the horizontal spacing, increases 
from 0% to 60%, suggesting that a smaller horizontal gap leads to more significant decrease on 
CPmin at the upper leading edge. It was also found that the effect of discontinuous plates on 
restraining variation of negative peak pressure was not as significant as that of continuous plates. 
As concluded by Yuan et al. (2018), the appurtenances have more effect on the lower leading 
edge than on the upper, and the vertical distance ratio (hr) can strongly affect the location of the 
largest peak pressure (Yuan et al., 2018). 
In a Hui, et al., (2019) study based on Yuan, et al., (2018), Yuan’s models, testing setup, 
and results were considered as a basis for a study that investigated the characteristics of 
aerodynamic forces. Hui’s models and parameters were similar to Yuan’s that were earlier 
described in Figure 2.16 and Table 2.6. Models A1, B1, C1 and D1 had continuous plates with 
different hr, vertical spacing between horizontal plates, while models A2, A3, and A4 had 
discontinuous plates with different br, horizontal spacing between horizontal plates. Three 
different dr = d/B values (7.5%, 10%, and 12.5%), referred to as Roman numerals I, II, and III, 
were considered. 22 different models were tested (Hui et al., 2019). 
It was shown that both continuous and discontinuous appurtenances have little to 
negligible effects on fluctuating pressure coefficients on the windward side, with a largest 
reduction from that of the reference model of about 17% in the A1-III model. The mean pressure 
coefficient increased over that of the reference model along the height. The mean pressure 
coefficients on the windward side were less than for the reference model, but the fluctuating 
pressure coefficients were greater. The appurtenances decreased the fluctuating wind pressures at 
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each level but increased the mean coefficients at the lower part of the side façade (Hui et al., 
2019). 
With respect to the along-wind layer forces, the reference model had mean and 
fluctuating along-wind layer force coefficients that increased with height. The variation of the 
mean layer force coefficients became irregular and zigzag-shaped as hr increased, and all the 
discontinuous appurtenances models’ mean and fluctuating along-wind layer force coefficients 
were larger than those of the reference model. In summary, the discontinuous appurtenance led 
to slightly larger along-wind mean layer forces than the reference model but had negligible 
effects on the fluctuating ones.   
Like the along-wind layer forces, the cross-layer forces exhibited zigzag variation in their 
profiles for hr greater than 4%. With continuous appurtenances, the average fluctuating local 
pressure decreased while the fluctuating crosswind layer forces at the upper levels increased. The 
discontinuous appurtenance models tend to have smaller fluctuating cross layer force values than 
the reference model, and their profiles decrease as br increases. Both continuous and 
discontinuous appurtenances tend to reduce fluctuating pressures on the sides, but this is not true 
for the fluctuating cross-layer force even through the discontinuous appurtenances results in 
slightly smaller values than the reference model, and continuous appurtenances can even 
increase the values of the fluctuating cross-layer force, so the reduction on the crosswind layer 
force becomes more effective with increasing br and dr. For the base moment, discontinuous 
appurtenances reduce the fluctuating crosswind base moment by up to 5%, while the continuous 
ones increase this value by up to 8%. According to Hui, et al., (2019), such variation can from an 
engineering point of view be neglected considering the uncertainty that may be present. Finally, 
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from the power spectra results, Hui, et al., (2019) concluded that the addition of horizontal 
appurtenances organizes vortex shedding more favorably (Hui et al., 2019).    
 
Active Façade Modification 
Active façade modification is a new and open research area described in only a few 
studies. One by Lignarolo, et al., (2011), based on a Chand et al. (1998) study, focused on an 
innovative shape-changing material that provide façade systems with roughness adaptation, 
permitting building envelope roughness to modify the velocity field close to the façade 
(Lignarolo et al., 2011). 
Lignarolo, using simple 3D models of round and square towers tested using CFD 
software, suggested an innovative way to solve some wind-related problems by using smart 
adaptive systems that can adjust a building’s large-scale geometry with changes in external 
conditions. Smart materials were able to detect environmental changes and respond accordingly. 
This study focused on fabricating façade systems from shape-morphing smart materials able to 
adapt their textural material characteristics (Lignarolo et al., 2011).   
In the Lignarolo case study, some simple cases were used to analyze the effects of 
roughness on wind flow close to the building surface. A validation was first performed using a 
Chand, et al., (1998) model, a low-rise building that was of dimensions 10 x 7.5 x 15 m. Two 
models were tested, one with smooth walls (A1) and one with balconies (B1) added to the front-
facing upwind façade. Second, a simple high-rise tower with 30 m wide and 100 m high was 
modeled. The three high-rise models with different configurations depicted in Figure 2.15 were 
considered: smooth surface (A2), horizontal surface roughness elements (B2), and vertical 
surface roughness elements (C2). The smooth surface models were the same as the B1 and B2 




Figure 2.15: From the left, models B1, B2, and C2, respectively (Lignarolo et al., 2011). 
 
The verification model results by Lignarolo, et al. (2011) correlated well with those of 
Chand et al. (1998), for both rough and smooth models. Lignarolo found evident differences 
between the two pressure fields of models A1 and A2, especially at the top and ground floors. 
The pressure-field differences for high-rises were less evident, but the influence of roughness 
had a stronger effect on the velocity field. The velocity fields of the high-rise models (A2, B2, 
and C2) were compared, and it was observed that the roughness significantly affected the flow 
field. It was observed that roughness elements arranged in a vertical direction (case C) provided 
a more uniform flow. Vertical roughness elements presented huge wind resistance and reduced 
the wind velocity closer to the façade. Conversely, when the roughness elements were turned to 
the horizontal direction, canalization of the flow could be achieved, allow movement of the zone 
at higher velocity if desired. Addition of roughness to the façade also decreased vorticity close to 
the upwind corner. 
Lignarolo, et al., (2011) built on the idea that surface roughness can change the 
aerodynamic properties of a body, as proven in a previous study by Maruta, et al., (1998). The 
previous study by Maruta, et al., (1998) showed that surface roughness can change a body’s 
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aerodynamic especially drag. It was a wind-tunnel study on how building surface roughness 
affects drag, in which a basic model of a square building 25m wide and 75m high at a scale of 
1:300 was tested with both uniform and boundary-layer flow. Building-wall roughness was 
varied as follows: uniform roughness of maximum size 0.21m at full scale, and four kind of 
balconies: 0.63, 1.25, 2.5m without mullions, and 0.63m with mullions. The wind-direction angle 
of attack was varied from 0 degrees to 20 degrees in 5-degree increments. The study found that 
surface roughness can change a model’s aerodynamics (Maruta et al., 1998). Lignarolo, et al., 
(2011) built on this principle and designed a “smart” building envelope whose surface texture 
could be changed. Inspired by the fur of mammals and the feathers of birds, a morphing envelope 
was designed to control building ventilation by changing surface texture. The proposed design of 
a building envelope, shown in Figure 2.16, involved small deflecting elements capable of 
opening and closing relative to wind direction and velocity. The purpose of these elements is to 
steer the wind of the building envelope for secure control of the wind flow, as seen in cases B2 
and C2 shown in Figure 2.15. Each of these elements can be separately controlled to provide a 
diverse surface texture optimized for each height and velocity (Lignarolo et al., 2011).                  
Shape-deforming smart material was implemented in the adaptive façade elements. Its 
advantage is that small and light construction sizes can be achieved with deformations based on 
material characteristics. In this study, the focus was on shape morphing smart material that can 
maintain deformation without energy input and is able to return to its original shape. A single 
curved surface of composite Shape Memory Alloys (SMA) and Shape Memory Polymer was 
chosen because it met the design constraints. A prototype of the proposed smart composite is 




Figure 2.16: Models of adaptive façade texture, vertical, and horizontal deformation of the smart 
elements (Lignarolo et al., 2011). 
 
 
Figure 2.17: Smart composite material (SMA). On the left is the deformed configuration, where 
on the right is the integrated SMA strips are exposed (Lignarolo et al., 2011). 
 
 
Double Façade Modifications 
Following the concept of introducing building surface roughness and the addition of 
appurtenances to the buildings, a couple of researchers considered introducing the aerodynamic 
modification of double façade system to reduce wind effects on buildings. Hu et al., (2017) used 
such a double-skin facades system on tall buildings and investigated the wind-induced responses. 
The testing was performed under an open terrain condition and two types of tests were 
performed, an aeroelastic test and a pressure test.   
The setup in the Hu, et al., (2017) study was as follows: the aeroelastic test used a 1:400 
linear scale model of the CAARC, a standard tall building with the following dimensions: height 
(H) 180 m, Breadth (B) 45 m, Depth (D) 30 m. The model had the following dimensions: H = 
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450 mm, B = 112.5 mm, D = 75 mm. Apart from the baseline model, four other model cases, 
cases 1, 2, 3, and 4, were tested, each with different porosity through vertical openings. All 
models with a double-skin façade had a 5 mm gap between the face of the outer and inner skin. 
Case 1 had a double-skin façade with no openings, and cases 2 through 4 had a double-skin 
façade with vertical openings that increased progressively. Figures 2.18 & 2.19 show the double 
skin façade opening dimensions, and the four different cases, respectively. The crosswind and 
along-wind responses were measured using strain gauge bridges. For the pressure test the length 
scale was 1:150, and the height, breath, and depth of the scaled model were H = 1200 mm, B 
=300 mm, and D = 200 mm, respectively. The gap width between the façade and the windward 
face was 13.3 mm, and the reference mean wind speed was about 10 m/s at the top of the 
building (Hu et al., 2017). 
 








Figure 2.19: Building models cases with different openings in the wind tunnel (Hu et al., 2017). 
 
Hu’s results showed that the vertical opening in the double-skin façade had only a 
negligible effect in reducing the wind-induced responses in the along-wind direction, but a 
significant effect in the crosswind direction. The central vertical opening of case 2, was 
dominant. However, this effect may increase or reduce the wind-induced response, so if with 
vertical openings the response is reduced, without openings the response will increase and make 
the situation worse. Pressure test results also suggest that, among all cases, the façade with no 
opening results in the largest fluctuating pressure on the side faces while the façade with 
openings reduces the fluctuating pressure. The pressure test showed that the central vertical 
opening of Case 2 was also dominant. As can be seen in Figure 2.20, jet flow causes the 
separated shear layer to be blown away to form a virtual barrier between the shear layer and the 
side face, and as a result the interaction between the shear layer and the side face is less intense 
and the inside flow is less turbulent (Hu et al., 2017).  
 
Figure 2.20: Sketch of layer behavior for case 1, without opening, and case 2, with the center 




Based on the previous study of Hu, et al., (2017), a similar recent study by Giachetti, et 
al., (2019) focused on investigating how a relatively thin screen spaced at an order of magnitude 
smaller than the cross-section dimensions could affect the aerodynamic behavior of buildings. 
The reproduction of the cavity between the screen and the building was fairly hard to do in a 
wind tunnel, and because a three-dimensional study would be excessively complex, Giachetti 
represented a building with a permeable envelope in an idealized two-dimensional model. Square 
and 2:3 rectangular cylinders with thin screen on the front face were investigated by changing 
the distance between the screen and the building from 1/40 D to 1/10 D of the cross-sectional 
dimensions. The flow was smooth and perpendicular to the screen with the possibility of 
changing the angle of attack (Giachetti et al., 2019).  
The wind-tunnel tests were performed in a smooth flow at a turbulence intensity lower 
than 1%. CFD simulations was performed to compare the results. The tested models were 
conceived in such a way that the section dimension (B) could be changed to test for both B/D = 
1:1 and B/D = 2:3. For both of the tested models, Giachetti held the dimensions D and L of the 
models constant at 0.12 m and 1.24 m, respectively, leading to an aspect ratio larger than 10. 
Two different screen typologies were tested: S1, with only horizontal compartmentation created 
by spacers, and S2, with additional internal vertical compartmentation. Cross-sections of both S1 
and S2 are shown in Figure 2.21. Both were as wide as the cylinders, D = 0.12m, and were 
designed to be as stiff as possible. Since the screens were very thin, it was not possible to install 
pressure taps around them to reduce flow disturbances, so Giachetti estimated the mean drag 
coefficient of the screen, CDS, by measuring the difference between the resultant forces using a 
force balance and the integral of the pressures around the building. A model with no screen was 
also tested to serve as a reference point. The results were compared with those from studies by 
63 
 
other researchers, as listed in Table 2.7. The results presented with no screen were taken as a 
base point for the other tests with S1 and S2 screens (Giachetti et al., 2019).   
 
Figure 2.21: Schematization of the two screen typologies tested, where each screen has a thickness 
of D/120 (Giachetti et al., 2019).   
 
Table 2.7: Global aerodynamic CD measured for the square cylinder (α=0⁰, Re=2.26x105) 










Lander et al.  
(2016) 
CD 2.34 2.05 2.29 2.15 2.35 
 
The results from the Giachetti, et al., (2019) models for both S1 and S2 screens showed 
that for the models with the S1 screen, when the flow was perpendicular the main aerodynamic 
quantities such as drag coefficients, were only slightly affected by the presence of screen. With 
the screen present, results were reduced by up to 10% compared to the base model without 
screen. The drag was seen to increase monotonically with gap width. Giachetti divided the test 
cases into two groups, the first with gap widths D/40 and D/30, and the second including the 
remaining gap widths up to D/10. For the first group, moving from upstream to downstream first 
decreases then increases the pressure, while for the second group the pressure continuously 
increases. The pressure coefficient distribution was almost constant, with some local reduction 
near the cavity ends in the second group. In general, the mean pressure in the cavity was always 
less than the pressure on the lateral sides or rear face of the building. With respect to the effects 
of the screen on pressure fluctuations, for the first group with smaller gaps, higher fluctuations 
were observed than for the no-screen case, while for the second group with bigger gaps, the 
standard deviation values were lower than for those without a screen.   
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A CFD simulation study was also considered by Giachetti, et al., (2019) for comparison 
with the experimental study results. The advantage of the CFD study is that provides better flow 
visualization and thereby help in understanding the effects of adding the screen. The results from 
the CFD simulations were in good agreement with the experimental data from wind tunnel 
testing (Giachetti et al., 2019).    
Giachetti, et al., (2019) also considered a rectangular 2:3 cylinder with a screen, and it 
was found that the presence of a screen remarkably influenced the flow aerodynamics and the 
aerodynamic properties of the model. Results indicated that the effects of the screen are more 
pronounced when compared with the square section. When the angle of attack was varied only 
slightly, the presence of a screen significantly influenced the main aerodynamic integral 
quantities and reduced lateral force coefficients (Giachetti et al., 2019). 
In short, it was observed that either a double façade or presence of a screen influenced the 
aerodynamics of the flow and the aerodynamic quantities of the model. This could be helpful in 
understanding the effects of a double façade on the building, and such information could be 
helpful when considering a smart-morphing façade system. 
 
Bio-Inspired Building Shape Modifications 
Some recent studies have focused on more innovative building façades inspired by 
Mother Nature. It has been noticed that some bio-inspired surfaces tend to reduce wind loads on 
structures. The following two subsections present two bio-inspired building shapes that 
researchers have been looking at lately, the cactus shape and the shark skin denticle shape, both 
found to be very effective approaches to reducing wind loads that can lead to using fewer 




Cactus Building Shapes 
Since cactus shapes are near-circular, studies on cactus-shaped buildings have mainly 
been compared to circular models. A study by Letchford, et al., (2016) on bio-mimicry-inspired 
tall buildings focused on the response of cactus shape buildings to wind loads at Reynolds 
numbers of 104. The study investigated Saguaro cactus-inspired cylinders to understand the 
impact of the grooves on aerodynamic response of tall slender cylinders. High aspect ratio (15:1) 
domed-top and flat-top cylinders (smooth, roughened, and grooved) were tested in an open-
circuit wind tunnel. The cactus-inspired cylinder with 24 circumferential grooves reduced the 
mean and fluctuating drag by around 20%, considered a large reduction. The domed tops 
performed better that the flat ones.  
According to Talley, et al., (2001) and Talley and Mungal (2002), for a Reynolds number 
range of 4x104 to 20x104, the grooved cylinders exhibited independence from the Reynolds 
number, unlike the roughed smooth cylinders exhibited a clear drag crisis. The Letchford, et al., 
(2016) study focused on the dynamic response of the cactus-like shape to fluctuating loads in 3D 
boundary layer flow relevant to the design and development of slender buildings.  
In the Letchford, et al., (2016) study, two lightweight models were fabricated with H/D = 
15, height to diameter, 60 mm in diameter, and 1 mm in thickness using a 3D printing process. 
One model was a smooth cylinder and the other was a cactus shape with 24 sharp-edged grooves 
of 5.9 mm depth. Both models, shown in Figure 2.22, have an interchangeable flat-topped and 
domed end pieces. The models were tested using the two different tops and two angles of attack, 
0° and 7.5°, at a geometric scale of 1:500 in both open and urban terrains. For each experiment 
the wind speed in the wind tunnel was varied from 2.5 to 5 m/s in 0.5 m/s increments, i.e., the 




Figure 2.22: Wind tunnel cactus models details (Letchford et al., 2016). 
 
As shown in Figure 2.23, the central feature of the mean drag and base moment data was 
reduced by 20-30% for the cactus shape compared to the smooth shape. It can also be seen that 
drag and moment coefficients of the roughened models increased across the Re range. It was 
found that the dome-top mean drag and moment were lower than for the flat top. 
The results of this study revealed that the cactus-like cylinder had a lower mean drag (Cd 
~ 0.57 – 0.65) than both the roughened and the smooth cylinders in boundary layer wind, about a 
20% reduction, behavior also was observed Talley and Mungal (2002). However, according to 
Farivar (1981), in a uniform wind Cd = 1.17, a little higher than that found in Letchford, et al. 





Figure 2.23: Comparison of mean coefficients (a) drag (b) alongwind base moment with varying 
the Reynolds number where: ○ – cactus and open; ˂ - smooth and urban; ˅- smooth and open; ˄ 
- rough and urban; ◊ - rough and open. Note that open markers represent the flat top, and shaded 
markers represent the domed top (Letchford et al., 2016). 
 
The previous study by Letchford, et al., (2016) looked onto the performance of cactus-
shaped cylinders at a high Reynolds number of about 104, while the Babu and Mahesh (2008) 
study, one that formed the basis of Letchford, et al., (2016) investigated the drag-reduction 
performance of cactus-shaped cylinders compared to smooth cylinders at very low Reynolds 
numbers of 20 (laminar), 100 (two-dimensional and unsteady), and 300 (three-dimensional and 
transitional/turbulent).  
Since the driving force to the Babu and Mahesh (2008) study was provided by the 
Saguaro species of cacti, two different cylinder geometries with spike ratio L/D of 0 for smooth 
cylinders and 0.105 for cactus-shaped cylinders were tested. L is the maximum height of the 
spike, and D is the total outer diameter of the cylinder (Babu & Mahesh, 2008).  
According to the results of the Babu and Mahesh (2008) simulations, when they are 
compared to the results from the experimental data of Neuwstadt and Keller (1973), it was 
observed that at Re =20, the total drag coefficient was reduced by around 22.5% because of the 
viscous forces reduced. At Re = 100, unsteady pressure forces increased, but the viscous forces 
decreased, decreasing the overall drag coefficient by 18.5%. At Re = 300, the onset of three-
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dimensionality, a significant decrease in pressure and viscous forces was seen along with a 
reduction by 10% in the Strouhal number. At Re = 300, both pressure drag and viscous drag 
significantly decreased, resulting in reducing the mean and fluctuating total drag coefficients by 
about 46% and 21%, respectively (Babu & Mahesh, 2008). 
In general, for smooth cylinders, viscous drag and lift forces decrease with an increase in 
Reynolds number. As shown in the Babu and Mahesh (2008) results above, for a fixed Reynolds 
number the viscous forces for a cactus-shaped cylinder are less than for a smooth one. According 
to a study done by Talley and Mungal (2002), when the Reynolds number increases to very high 
numbers, say about 106, the drag reduction is decreased by almost half. At these high Reynolds 
numbers, the drag-reduction mechanism effects decrease because the turbulent flow within the 
grooves leads to higher viscous forces. For example, at Re = 5x104 the drag reduction is about 
30%, while at Re = 1.8x106 the drag reduction is reduced by about 16%. As a result, it can be 
concluded from the Babu and Mahesh (2008) study that the cactus-shaped cylinder with spikes is 
better than the smooth cylinder at reducing drag. Also, as the Reynolds number increases the 
reduction in drag also increases, but only for relatively low Reynolds numbers. However, for 
very high Reynolds numbers the drag reduction decreases with an increase in the Reynolds 
number (Babu & Mahesh, 2008).  
 
Shark Skin Building Shapes 
Engineering designs are often related to some aspect of the natural world. By analyzing 
and experimenting with natural phenomenon, engineers sometimes develop advancements that 
span disciplines. Natural phenomenon often provides engineers with a starting point, allowing 
for advancements in technology (Ball, 1999). One such natural phenomena is the efficiency and 
speed at which sharks swim. Two attributes of sharks that account for their quick and efficient 
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propulsion is their torpedo-shaped body and the denticles that cover their body. The shape of 
their body, at relevant Reynolds numbers, optimizes their aerodynamics (Ball, 1999). The layer 
of denticles resembles a microscopic ordered arrangement of plates with small ridges, with the 
roughness facilitating the flow of water around a shark’s body (Liu & Jiang, 2011). 
It is known that the vortices along the surface of the body of an object is a major factor in 
drag creation. Such vortices along the surface of a body moving through fluid drastically 
increases shear forces and therefore the drag experienced by the body. Bhushan and Jung (2009) 
studied the formation of vortices of smooth surfaces and shark denticles in fluid flow. Using a 
closed channel flow, it was found that the longitudinal grooves of the denticles reduces the 
number of vortices on the surface compared to a smooth surface, and this reduction in vortices 
on the surfaces allowed for more efficient water flow (Jung & Bhushan, 2009). 
Further studies have found that denticles adjust the location of vortices formation, leading 
to the previously mentioned reduction of surface contact. The ridges of the denticles force 
vortices higher off the surface than those observed on smooth surfaces (Bixler, 2013). Even 
though the design of the shark skin denticles increases the surface area of the body, which 
theoretically should increase drag, only the peaks of the ridges come into contact with the 
vortices. Bhushan and Dean (2010) explain that the vortices form slightly above the peaks of the 
shark skin where very large shear stress was experienced. However, the vast majority of the skin 
surface area has little to no contact with the vortices, allowing for low cross-stream velocities 
and consequent low shear stresses in the valleys of the denticles. The drag generated by the 
larger shear stress at the peaks were drastically overshadowed by the substantial drag reduction 
due to the low drag forces on most of the surface (Dean & Bhushan, 2010). The reduction of 
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surface area in contact with vortices will be incredibly important if applied to larger structures 
like buildings having very large and generally smooth surface areas.   
The roughness of the skin also has a positive impact on the momentum thickness of the 
object it covers. It is known that there is a relationship between the drag force felt by an object 
and its momentum thickness, and when the momentum thickness is reduced there is a sizable 
decrease in the drag force. As stated by Tian, et al., (2007), the roughness of the riblets 
significantly reduced the momentum thickness layer and the drag forces decreased with it (Tian 
et al., 2007). 
To analyze the effectiveness of realistic shark skin in reducing drag and inhibit 
turbulence, De-yuan, Zhang, et al., (2011) created very accurate models of denticles for 
numerical and experimental evaluation. The study created highly accurate scans of a single shark 
scale and used the scans to develop a highly realistic model.  During computational analysis an 
angle of attack of 15° was used at varying fluid velocities. The shark skin models continued to 
show lower levels of wall friction than those present on smooth surfaces. For all inlet velocities 
the shark skin surface resulted in drag reduction from velocities 4.5 m/s to 6 m/s, and the average 
drag-reducing efficiency was 9%. While the study found that an increased pressure force was 
exerted on the shark skin plates, the viscous force reduction outweighed the additional pressure 
force. The study concluded that spreading of vorticity was limited by the groves of the shark skin 
leading to drag reduction for the surfaces (Zhang et al., 2011).  
A similar study conducted by Lauder and Oeffner (2012) explained that the design, 
flexibility, and orientation of a shark skin-like pattern affects the drag reducing properties of the 
skin. The study examined in a laboratory flow tank the swimming efficiency of a real shark skin 
compared to the same skin that had been sanded to remove the surface features.  A robotic 
71 
 
flapping-foil apparatus was used to test the pieces of skin at their self-propelled swimming 
speed, and the shark skin before sanding showed a 12.3% average advantage over the sanded 
samples. The study also revealed that the flexible shark skin samples of performed sharkskin 
connected to ridged plates. The flexible shark skin membranes proved to decrease drag and 
improve thrust when compared to either a sanded plate or the rigid shark skin covered plate 
(Oeffner & Lauder, 2012). Even though the improvement of thrust is inapplicable to the focus of 
building facade systems, the study’s evaluation of drag is quite relevant.    
Studies have analyzed the effectiveness of shark skin denticle design and the denticles 
themselves in various applications. Malshe, et al., (2013) revealed that swimsuits manufactured 
with weaving methods that try to replicate shark skin ridges have achieved improved 
aerodynamics for swimmers, and the advantages have been compared to a six-meter head start 
for swimmers wearing such a suit. A similar study found that Speedo’s Fastskin had comparable 
results, cutting the drag experienced by female and male swimmers by an average of 3 percent 
and 4 percent, respectively (Jung & Bhushan, 2009). The application of shark skin design to 
swimsuits proves that it is possible to recreate the shark skins’ drag-reduction properties.     
Shark skin denticles have proven effective in drag reduction in water and studies have 
also evaluated the effectiveness of the denticle pattern in air. An aircraft was coated in a plastic 
film with features resembling the ridges of shark skin, resulting in an approximately 8% 
reduction in drag forces compared to an uncoated aircraft. This drag reduction allowed for a 
decrease of approximately 1.5%. in fuel usage (Malshe et al., 2013). 
The functionality of a similar coating was tested in wind tunnel experiments by 
Bocanegra, et al., (2018) on a S809 airfoil. Since it is known that surface roughness significantly 
effects the turbulence dynamics in the flow-separation regions, it has been suggested that sand 
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roughness, i.e. randomly distributed roughness, may shift the separation point against the flow 
direction in foils, and result in an increase in drag and reduced lift. Previous studies have shown 
that the transition to turbulence may reduce separation of flow, motivating the use of flow 
control strategies such as vortex generators and synthetic jets to delay flow separation. However, 
using such strategies increases the production of turbulence kinetic energy (TKE) which 
increases viscous losses that lead to energy dissipation near the wall.  Therefore, Bocanegra, et 
al. (2018) looked into passive control by bio-inspired surfaces, where denticles of shark skin was 
found to reduce drag.    
The study by Bocanegra, et al., (2018) states that the lift coefficient of the airfoil 
increased by 25-40% at angles between 8° and 16°. As mentioned earlier, with the increase of 
wall texture there was an increasing risk of increasing production of turbulent kinetic energy. 
Nonetheless, the data provided in Bocanegra, et al., (2018) showed that differences in the TKE 
production that lead to viscous losses were within the measurement uncertainties, suggesting that 
the coating had a very minor effect on turbulence production.    
In a related study, Domel, et al., (2018) investigated through experiments and simulations 
the aerodynamic effects of novel denticle-inspired designs placed on the suction side of 
an aerofoil in reducing drag. The study attempted use of denticle-inspired surface structures to 
reduce drag and generate lift on the aerofoil. At low angles of attack, the improvement was as 
much as 323%. According to Domel, et al., (2018) these denticle-inspired surfaces induced a 
10% reduction in drag compared to that of a smooth surface. The focus was to study 
experimentally how 3D models of shark denticles along the top side of an aerofoil, the suction 
side, can passively change the flow by reducing drag and increase the lift-to-drag ratio.    
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A total of 20 aerofoils was created with different arrangements, e.g., single or multiple 
rows of denticles, size, and tilt angle. The aerofoils were tested in a water tank at a steady-state 
water flow. Since water has characteristics very close to those of air, testing in water would give 
a good indication of the performance in air. The kinematic viscosity was 1x10-6 m2s-1 in the 
laminar regime with a flow velocity of 0.58 m/s and a Reynolds number of about 4x104. The 
angle of attack was varied from 0° to 24° at increments of 2°. Since the measurement was 
sensitive to the different parameters, the results presented in the study were the average of six 
trials for each of the 20 cases. While the percentage reduction in water flow may would most 
likely not be the same as in air, it would be expected that the results should be relatively close 
(Domel et al., 2018).  
For the best-performing of the 20 shark skin denticle cases, it can be seen that the drag 
when compared with the smooth foil was reduced at all angles of attack, and lift was  increased 
at almost all angles of attack, so as a result, the lift-to-drag ratio increased for almost all angles of 
attack. As a next step, a combination of both mechanisms was considered to try to take the 
advantage of both. Domel, et al., (2018) called this a “continuous shark-inspired profile”. The 
results from the shark skin denticles, the 2D bump, and the continuous shark-inspired profiles 
cases showed that the continuous shark-inspired profile does not lose these lift enhancements as 
much at higher angles of attack prior to stall. Most important, the continuous shark-inspired 
profile led to even more drag reduction than the shark denticles themselves. Thus, as stated 
by Domel et al. (2018) the best performing aerofoil was the continuous shark-inspired profile 
model that led to an increase in lift and the greatest reduction in drag. Even though this study 
was done on an airfoil, it demonstrated that the shark skin denticles reduce the drag, suggesting 
their use on façade systems to reduce wind loads on building surfaces (Domel et al., 2018). 
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Another study more closely applicable to building facade systems was conducted 
by Bajsanki, et al., (2017) to investigate how the geometrical shape of a windbreak fence can be 
optimized to mitigate wind velocity. Windbreak fences in open and urban areas are used to 
reduce wind velocity to protect crops, animals, people, and properties. Bajsanki, et al., (2017) 
proposed a windbreak fence design that was inspired by the shark skin denticle geometry that 
would reduce the wind velocity around and behind a windbreak fence. Simulations performed on 
Autodesk CFD software showed that a fence surface inspired by shark skin performed 
significantly better than either flat or corrugated surfaces.    
Recent research studies have focused on the advantages of using shark skin denticles to 
reduce drag and optimize surfaces on a micro scale. The aim of the Bajsanki, et al., (2017) study 
was to investigate the effects of shark skin denticle geometry at macro scale applied on 
windbreak fences and considering their shape and orientation. The approximate shape was made 
with a hexagonal base whose latitudinal cross section mimicked the wavy geometry of real shark 
skin denticle, with a longitudinal cross section of either a symmetrical or an asymmetrical 
curve.    
The study experimented with various windbreak geometries for achieving minimal wind 
velocity and compared each with one another as well as other traditionally used shapes. The 
computation domain was 80 cm long, 318 cm high, and 400 cm wide, while the dimensions of all 
the fences were 132 cm length, 200 cm height, and 12 cm width, all having the same hexagonal 
pattern bases (Bajsanski et al., 2017). A constant inlet-air velocity of 30 m/s was used, and 
angles of attack were varied from 0° to 90° in the X-direction and from 0° to 90° in the Z-
direction. The design resembling shark skin denticles significantly reduced the wind velocity for 
all angles of attack, resulting in an average difference in wind velocity between shark skin 
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denticle design and other designs of 16 m/s in the Z-direction and 14 m/s in the X-direction. 
Since a reduction in wind velocity is directly related to drag, it will lead to a reduction in drag as 
well (Bajsanski et al., 2017).   
Since the shark skin denticle design was the best for all wind directions, Bajsanki, et al., 
(2017) further investigated changing the height of the central ridge (hr) and the distance from the 
left side to the top of the ridge (dr) in longitudinal cross section, one at a time. The height (H) of 
the shark skin denticle panels and the distance between the top of the ridges (s) were fixed, as 
shown in Figure 2.24.    
Since this fine tuning significantly impacted performance, the proposed fence design by 
Bajsanki, et al., (2017) suggested use of the denticle with hr = 25 cm and dr = 25 cm, because 
this design had the best performance among all others. According to the results, varying hr could 
reduce the wind velocity by up to 3.31 m/s, while varying dr could reduce the wind velocity by 
up to 5.04 m/s. Such a design, although conducted on windbreak fences, should show similar 
results when applied to the facade systems of buildings (Bajsanski et al., 2017).  
 
Figure 2.24: A representation of the denticle models tested (Bajsanski et al., 2017).  
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While it has been thoroughly studied and concluded that designs based on shark skin 
denticles reduce drag forces for various applications, there has been very little research to test the 
effectiveness of such a design on buildings.  While it would be expected that the same drag 
reduction properties would apply to tall buildings, this is still an open research area. 
 
Building Interactions 
With today’s continuous urban development, it is essential to investigate the complex 
aerodynamic interactions in built-up environments, because such interactions can result in 
significant wind-load variation on both structural and non-structural components. Individual 
buildings in complex environments can potentially experience different flow mechanisms such 
as wake effects and channeling, and the occurrence of such effects can depend on the shape, 
height, and location of surrounding structures.  
 
Wind-tunnel experimental studies by Li, et al., (2015) investigated the possible effects of 
non-uniformity morphological building parameters on drag coefficient, with direct methods 
using load cells compared to wind pressure methods. Rectangular and H-shaped buildings with 
different dimensions were tested, and H-shaped buildings were found to induce more intensive 
flow than the rectangular buildings.  
The effects of terrain and the surrounding buildings interference were also considered in 
the experimental set-up through use of the different modules presented in Table 2.8 and Figure 
2.25. It was found that terrain roughness resulted in no significant difference between the two 
different terrains used, terrain roughness B and C. The results showed that, as expected, the total 
drag coefficient increased as the building density or frontal area increased. H-shaped buildings 




Figure 2.25: Schematic plan views for layouts of various cases, with black fills indicates the 
pressure measurement modules (Li et al., 2015). 
 
Both the direct and the wind-pressure test  methods were compared, and the results varied 
by about 10-20%. Li, et al., (2015) suggested that difference was due to the insufficient number 
of modules used in wind pressure tests that overestimated the distribution of local drag 
coefficient over the entire area. The pressure measurement method produced the higher numbers. 
Generally, the direct force method is usually the most commonly used for calculating the drag 
coefficient, but both methods exhibit some insufficiencies when used on highly complex 
facilities, and they are unsuitable for use on large scale models or real buildings (Li et al., 2014). 
Table 2.8: Detailed design models considered (Li et al., 2015). 
 
Model λf (%) λp (%) Shape  Quantity  Layout 
H1 40.0 27.5 H 99 Asymmetry-square 
H2 20.0 42.5 H 16 Asymmetry-square 
H3 20.0 27.5 H 25 Asymmetry-square 
R1 20.0 27.5 Rectangular  23 Asymmetry-square 
R2 20.0 27.5 Rectangular  23 Diagonal-square 
 
The result differences for both methods per each condition are shown in Figure 2.26. It 
can be observed that the largest surface distribution of Cpd is at the UPM, the upstream pressure 
module, and the Cpd of the MPM, the midstream pressure module, was about 10% that of the 
UPM. DPM, the downstream pressure module, experienced the lowest wind force, about 30% of 




Figure 2.26: Comparison of drag coefficients based on wind pressure measurements and total 
drag force measurements (Li et al., 2015). 
 
In general, wind tunnel testing can accurately measure wind loads on the buildings with 
current surrounding or even with future projected developments since such developments can 
also be modeled and placed in the tunnel. However, Irwin and Stanton (2016) raised a question 
about what the change in the effects of wind loads would be on buildings due to long-term 
changes in the surroundings. Surrounding buildings may occasionally cause a significant 
sheltering effect and may thereby increase the wind loads on other buildings nearby. In some 
cases, wind loads were doubled when adjacent buildings were removed (Irwin & Stanton, 2016).   
Building codes usually cover many building shapes and surrounding conditions, but in 
the case of tall buildings loads and responses may fall outside the envelope of conditions the 
building codes cover, so wind-tunnel testing is recommended in tall building cases. It is known 
that as a city gets more built up, the terrain becomes aerodynamically rougher, so loads tend to 
be reduced through a far-field exposure factor effect. However, it is also known that buildings in 
the near field very close to the studied building can be the cause of significant local aerodynamic 
interference effects, some of which may reduce loads while some may cause load increases. The 
risk of increased wind loads caused by some future surrounding buildings is hard to quantify, but 
it is generally found to be low and limited because of the following factors: expectation of the 
future development of the area, design risks and implications to the structure, and relative size 
and aerodynamic influence of the building with its surrounding buildings.  
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The surrounding developments effect on buildings was examined in three cases where 
removal of adjacent buildings had dramatic effects on wind loads. Irwin and Stanton (2016) used 
a boundary-layer wind tunnel with a model geometric scale of 1:400, and their case 1 wind 
tunnel setup presented in Figure 2.27 shows both sheltered and unsheltered conditions. The 
unsheltered condition was extreme in that all nearby buildings were removed. They) explained 
the jump in base moment Mx in the unsheltered case by vortex excitation that had been largely 
suppressed in the sheltered case. The moment My was also increased in the unsheltered case, but 
not by a large factor.   
The wind tunnel setup of case 2 is presented in Figure 2.28, with everal surrounding 
buildings removed in the unsheltered case, and the My moment was the most-affected response 
to removal of surrounding buildings. The wind tunnel setup for case 3 in which many buildings 
were removed for the unsheltered case can be seen in Figure 2.29. The removal of the sheltering 
buildings allowed vortex excitation to occur to the dominating wind loads for Mx, but it had 
almost no effect on My. In the sheltered case there was little sign of vortex excitation.  
The removal of surrounding buildings caused a significant increase in wind loads in at 
least one direction. In the cases considered in this study, the removal of surroundings was 
somewhat extreme, but the results nonetheless illustrated several outcomes. First, even a 
relatively conservative assumption on probability of future conditions can lead to very significant 
drops in wind load compared with the raw unsheltered result. Second, the amount of reduction 
obtained relative to the raw unsheltered result depends on at how often vortex shedding reaches 




Figure 2.27: Case 1 wind tunnel setup: a) Sheltered b) Unsheltered (Irwin & Stanton, 2016). 
 
 
Figure 2.28: Case 2 wind tunnel setup: a) Sheltered b) Unsheltered (Irwin & Stanton, 2016). 
 
 
Figure 2.29: Case 3 wind tunnel setup: a) Sheltered b) Unsheltered (Irwin & Stanton, 2016). 
 
Based on the Irwin and Stanton (2016)  study, Elshaer, et al., (2017) investigated the risks 
of changing wind loads caused by increases in urban development. Two cases were considered. 
First, they examined changes in wind loads for a typical generic surrounding configuration with 
different heights. Second, they considered a real case of urban development of the Financial 
District in Toronto comprised of three development stages. It was generally found that, as the 
urban area gets denser, mean wind pressures decrease while fluctuating pressures increase 
(Elshaer et al., 2017). 
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In the first case of Elshaer et al. (2017), the generic building topology change achieved 
by varying the heights of surrounding buildings was investigated to study changes in flow and 
wind-load risks in a developing urban area. The four different surrounding configurations shown 
in Figure 2.30 were standalone and three different surrounding heights (H/4, H/2, and 3/4H), 
where H is the building height. Two angles of attack (AOA), 0° and 45°, with respect to the front 
face of the building were considered. Building dimensions were taken from an older study by 
Aboshosha, et al., (2015), that indicated full-scale dimensions pf 182.88m (600ft) in height and 
30.48m (100ft) in width for a square tall building. In the Elshaer study, the focus was on the 
wind load on the tall building at the center. The second case considered three development stages 
of a realistic example of an urban topology change in the Financial District of Toronto. Wind 
statistics were obtained from a wind rose map at 10 m height at Billy Bishop Airport, with the 
western direction selected as the wind direction because it is the dominant direction on the rose 
wind map. 
The testing was carried out using CFD simulations. The length scale was 1:400 and the 
time scale was 1:100. The wind velocity was set to be 10 m/s at the height of 182.88m (600ft) 
and the terrain was selected as urban. Elshaer, et al. (2017), validated the CFD simulation by 
comparing the base moments with wind-tunnel results obtained by Zhou, Kijewski, & Kareem 
(2003), and CFD showed good agreement with wind tunnel results (Elshaer et al., 2017). 
Simulation results shown in Figure 2.31 describe how different flow mechanisms develop 
around buildings. It can be seen that as the angle of attack approaches 45° from 0°, the wake size 
behind the building’s increases, increasing the risk of structure and/or cladding failure. Results 
from Elshaer, et al., (2017)  showed that as the surrounding heights of buildings increase, the 
mean pressure coefficients decrease in magnitude for both angles of attack. This reduction can be 
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due to the fact that upwind buildings block the building under study and produce a sheltering 
effect. On the other hand, the fluctuating (rms) pressure coefficients increase with the urban 
development because of wakes from the upstream surrounding buildings. The increase in rms is 
thus due to the additional roughness introduced by the surrounding buildings that induces more 
turbulence in the incoming wind. This change of pressure distribution affects the risks caused by 
wind load on structural elements.  
 
Figure 2.30: Building configurations for case 1 (generic) showing different surrounding 
building heights and angles of attack (Elshaer et al., 2017). 
 
 
Figure 2.31: Mean velocity contours and streamlines for configuration (Elshaer et al., 2017). 
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Due to the fact that the peak pressure coefficient consists of the addition of the mean 
pressure coefficient to the fluctuating pressure coefficient, multiplied by a factor, an increase in 
the fluctuating coefficient can increase the peak value even with a reduction of the mean 
coefficient. In terms of the base moment, it was found in both cases that as the surrounding 
heights increase, the mean and fluctuating base moments decrease by about 50% and 25%, 
respectively, decreasing the peak base moment. As a result, with an increase in development, the 
fluctuating pressure increases but the fluctuating base moment decreases. For the second case 
that examined the Financial District in Toronto, the results were similar to the first generic case, 
although a pressure increase due to channeling was seen in few cases of the three development 
stages considered. The authors therefore suggest that the developed CFD approach for assessing 
the variation of wind loads and risks in future buildings should be used on a case by case basis 
(Elshaer et al., 2017). 
To conclude, tall buildings are usually affected by the presence of nearby buildings 
because they most often located in downtown areas where many other tall buildings are also 
present. Also, the absence of existing buildings can affect other nearby buildings and may 
significantly increase wind loads on them. While addition of buildings near a building of interest 
may increase or decrease the wind loads on it, most often the wind loads are reduced in such 






CHAPTER 3.    BUILDING INVENTORY DATABASE 
Introduction 
Nowadays buildings are getting taller, where tall building and super tall building are 
becoming common in cities especially in downtown areas due to limited available land space. 
Also, with high demand in these areas and space limitation, the price of land increased domically 
which led to having more vertical expansions. As tall buildings increase in height, they become 
more vulnerable to wind loads, where in the structural design of tall buildings wind loads are 
more critical than seismic loads (Azad et al., 2015; Samali et al., 2014). Since wind speed 
increases with height, wind loads increase with height because both are proportional.  
Previous studies by (Daemei et al., 2019; Kim et al., 2014; Tanaka et al., 2012) showed 
that modifying building shape would affect the wind loads on the building. These modifications 
include but not limited to: corner modifications, tilting, tapering, setting back, helical, composite, 
etc. Façade modifications, such as introducing roughness or adding plates to the building surface 
are another sort of modification that affect the wind loads on building (Chand et al., 1998; Hui et 
al., 2019; Lignarolo et al., 2011; Yuan et al., 2018). Some of these modifications play a key role 
in changing the flow around the building and reducing the wind loads, whereas some enhanced 
them; however, the majority reduces them. This showed that aerodynamic loads varies with 
height and different building shapes.  
In this stage the objective was to find a statistically representative groups of buildings 
that could be later used for further research on ways to mitigate and reduce wind loads on tall 
buildings. This study focuses on figuring out a group of building shapes with aerodynamic 
modifications that reducing wind loads, such as drag on buildings. For this purpose, as a one of 
the first tasks, the research started with reviewing the building inventory of eight major cities in 
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the United States: Atlanta, Boston, Chicago, Los Angeles, Miami, New York, San Francisco, and 
Seattle.   
The chosen major cities are spread across the country to cover most of the country area in 
the study. The main criteria for the city selection was that it contains a large number of tall 
buildings and high nominal mean 3-second gust wind speeds at 10 m height according to ASCE 
7 category III exposure C as shown in Figure 3.1 below (ASCE, 2010). The design wind loads 
are not shown in the figure since in ASCE 7, wind loads are based on many factors that differ 
from building to another, but they are proportional to the wind speed.  
 
Figure 3.1: United States map with the selected eight cities and their corresponding design wind 
speeds according to ASCE 7-10. 
 
The building inventory is an index of the frequent attributes of high rise buildings, where 
within the data base, three primary parameters were recorded. First, number of buildings per city 
at each height threshold, in 30 m increments from 120 m onward. Secondly, the base shape of 
each structure, split into five categories; square, rectangle, circle, oval, and irregular. Where, the 
irregular shape category contains all the tall buildings above the selected threshold height that are 
not one of the other four shape categories mentioned earlier. Thirdly, the aspect ratio of the base 
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shape of the high rise buildings. The collected data present a number of useful statistics and 
values, such as the buildings heights and aspect ratios (B/D), where B and D correspond to the 
width and length of the base of the buildings, respectively. Analyzing this information provides a 
variety of useful insights into the aerodynamic parameters of the tall buildings that currently 
exist, like the commonality, lengths and widths, and aspect ratios (B/D) of the base shapes of 
buildings. These information will be used in the next stages to help design the models that are 
represenatative of the exsiting tall buildings.   
 
Data Collection Methodology 
The purpose of the building inventory was to analyze the aspects of the existing tall 
buildings mentioned earlier within each of the considered cities. This would help to find the 
optimum statistically representative groups of buildings of what is out there that could be later 
used for further research. The first step in the building inventory data collection process was 
assessing what information was needed. Three primary pieces of information were record in 
order to have an in-depth view of the characteristics of existing tall buildings. The height of tall 
buildings was one of the quantity measured. The number of buildings was binned in accordance 
with height in 30 m increments progressing from 120 m onward. The 120 m height, which 
around 40 stories, was selected as the first threshold height since usually tall buildings are 40 
stories and up. Also, due to the large number of tall building, a binning system was used with 30 
m height increment. The 30 m increment was chosen based on 10 stories increments, which is 
equivalent to about 30m, since wind speed varies with height and at every 10 stories a noticeable 
wind speed increase occurred. Building shapes was another important information collected, 
where the shape of the base of buildings was split into five categories: square, rectangle, circle, 
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oval, and irregular. Finally, in order to sort the building, the rectangular and oval, in different 
aspect ratio (B/D) the length and width of the base of each building was also recorded.   
A key aspect in the process was to determine the breadth of the search for high rise 
buildings and selecting areas to analyze. The area of study for each city were according to the 
city’s boarders and the KML, Keyhole Markup Language, maps published by each city. To 
collect building database data, the available options were considered. One of the options was to 
get building data from HASUS, Hazards US, which is a geographic information system-based 
natural hazard analysis tool developed and freely distributed by the Federal Emergency 
Management Agency. However, even though HASUS has, generally, buildings data, it lacked 
the needed data for tall building. Another option was to collect the data from each of city’s 
representative offices. Nevertheless, this option did not have all the needed data. Also, it was 
time consuming, and with the fast growth rate of these cities, the data might be outdated.  
 





Thus, to compile the data for the building inventory, a software was needed to sort all 
buildings above a height threshold and have built in tools to measure the length and width of 
base of buildings on a 3D satellite map. Google Earth Pro was the perfect choice due to the 
numerous functions and advantages that satisfied all of these requirements of the scope in a 
relatively accurate, up to date, and fast way. Google Earth Pro is a software that creates a 
navigable 3D virtual version of the Earth using satellites and camera equipped vehicles images 
which are continuously updated. In addition, it has a feature that allow the use of filters to be 
applied over pre-determined city boarders at various heights. A screenshot from Google Earth 
Pro for the KML boarder’s map of the City of Miami with height filter applied is shown in 
Figure 3.3 below. By applying this filter, any structure under the threshold height can be hidden 
from the view. Then, the structures above the height threshold are isolated and can be easily 
observed. After marking and binning buildings in their corresponding height bins, the view of 
Google Earth Pro can be changed to under the applied filter and closer to the base of the 
buildings. From this vantage point as seen in Figure 3.2, the shape of the base of the building can 
be determined and the base of building’s width and length can be measured using the ruler 
function. The ruler function can be utilized to calculate the distance between any two given 




Figure 3.3: KML Google Earth Pro map of City of Miami Boarders with one of the height filters 
applied. 
 
Regarding recording the data, a number of guidelines were set to ensure consistency in 
the data, such as the height of buildings were only considered as the height of the main building. 
In other words, external additions, such as antennas or poles was not considered while measure 
heights of buildings. Similar approach was utilized when it comes to the shape, length, and width 
of the base of buildings. Thus, the structural and main components of the building were 
considered exclusively in deciding the base shape of the structure and measuring the width and 
length of it. Namely, other attachments, such as parking garages or very low level structures 
connected to the main building were not considered nor measured. 
While recording the data a simple procedure was followed. First, the height filter would 
be set at the highest threshold height. Then, it would be lowered in 30 m increments until all the 
targeted buildings of 120 m height and above were covered in the study. Next, each building 
would have its base shape recorded under the corresponding height bin in Excel spreadsheet, as 
well as its base length and width in meters. Finally, as mentioned above using the Google Earth 
Pro “Placemark” function a large yellow push pin would be placed on the top of the already 
measured building, so that no duplication of data occur. This process was repeated until all the 
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buildings above the filter were marked, then at that point the filter would be lowered 30 m and 
the process would be repeated to cover all considered building in each of the eight cities. 
 
Tall Building Database 
During the building inventory data collection, 449 building were considered and found to 
be 120 m or above in height across the eight cities. However, due to unmanageable amount of 
building below 180 m height in both New York and Chicago, the data recording was halted at the 
180 m threshold for these two huge cities only. The number of building above each of the 
considered threshold heights is presented in Figure 3.4 below. It was observed that the highest 
number of tall building fall in the 180 m bin, where 268 of the 449 total buildings, which 
equivalent to almost 60% of the tall buildings considered, were above the 180 m threshold 
height. This jump seen in Figure 3.4 at 180 m was due to the fact that in New York and Chicago 
the study only considered the tall buildings above 180 m. 
 
Figure 3.4: Number of tall buildings above each threshold height. 
 
Even though the eight selected cities varied in the amount of high rise buildings 
considered, they generally had very similar results in terms of the commonality of the five base 






























of the total number of buildings. Some cities have the percentage of rectangular building as high 
as 76%, and only a few cities with about 54% of rectangular buildings. The second highest 
percentage in terms of building shapes was the irregular shapes with approximately 20% of the 
total, comprising as high as 31% and as low as 10% in different cities. Nevertheless, during the 
data collecting process, a complication arose regarding the best way to measure and catalogue 
the data of the irregular shapes buildings. Due to the fact that these buildings do not fit in any of 
the four categories: rectangular, square, circular, and oval, they were to be, regardless of their 
non-conforming shape, put in a separate category and measured from their longest and widest 
points. However, while irregular shapes comprise a large percentage of the total buildings in this 
study, they were very diverse within their own subgroup, so they were ignored in the next stages. 
After the irregular shape building, the next highest shape in percentage was the square 
building with around 12% of the 449 buildings considered in the building inventory. It was 
noticed that the square shape had one of the largest spreads of any of the base shapes, composing 
as high as 23% in one city and as low as 4% in another. Finally, the circle and oval shapes 
buildings were found to be about 1% and 0.5% of the total, respectively. Some of the eight cities 
did not even have these two shapes in their tall building inventories at all, which explain why 
they had a very low percentage and show how uncommon they are across the eight cities.  
While measuring the width and length of buildings, some important statistical values 
were obtained. Aside of the width and length of each bin under the corresponding bin, the 
average base width and length, as well as and the average base area were calculated per shape. In 




Results and Discussion 
After the data collection phase, the building inventory of the cities were analyzed and led 
to some statistical values that gave a good indication of what is out there and where the focus of 
the next stages should be. As stated above, a total of 449 tall buildings were found with a height 
of 120 m and above in the eight cities. However, an exception was made for New York and 
Chicago, where the data were recorded starting from the 180 m threshold height since below this 
height the number of tall building was unmanageable in these two huge cities. Still with this 
exception enforced, as shown in Figure 3.5 below, these two cities contained 208 out of 449 
which is about 46% of the total tall buildings recorded. There were 148 of them were in New 
York and 60 in Chicago, which correspond to 33% and 13% of the total building, respectively. 
Miami came in the third place after New York and Chicago with 53 high rise buildings above 
120 m. Next was San Francisco with 50, Atlanta with 41, Seattle with 40, Boston with 35, and 
Los Angeles with 22 tall buildings.   
 
Figure 3.5: Number of tall buildings above each threshold height per city. 
 
Looking at the number of buildings above the height threshold leads to a number of 
observations. First, cities with the tallest buildings overall tended to have more tall buildings in 


















































































































































































































































newly built One World Trade Center. However, as being said in the earlier sections, this study 
excluded the additions to the buildings, such as antennas. Consequently, the Willis Tower in 
Chicago, or previously known as the Sears Tower, became the tallest high rise building recorded 
in this building inventory data collection.  
Some outliers was found, such as that Miami has 53 tall buildings, however, all of them 
below the 210 m threshold height even most of them below the 180 m. Where, Los Angeles, 
which had the fewest tall building among the eight cities with only 22 building above 120 m, has 
the third tallest building of the cities considered.  
Regarding the base shapes and their commonality, a number conclusion were drawn. As 
shown in Figure 3.6 below, rectangle shape were by far the most common base shape, 
comprising 66% of the total tall buildings. Irregular shape buildings came in the second place 
with about 20.5 % followed by the square shape with 12%. The circular and oval shapes had 
very low percentages of the total buildings considered with a little less than 1% and 0.5%, 
respectively. The breakdown of the percentages of each shape commonality per city is shown in 
Figure 3.7 below. It can be seen that rectangle shape buildings constitute 76% of the base shapes 
in San Francisco and Miami, 73% in Chicago, and 63% in New York and Seattle, 61% in 
Atlanta, 59% in Los Angeles, and around 54%, in Boston. Whereas, irregular shapes make up 
31.5% of the total base shapes in Boston, 24% in New York, 23% in Los Angeles, 21% in 
Miami, 19.5% in Atlanta, 18% in Boston, 12% in San Francisco, and 10% in Seattle. Square 
shape buildings seemed to have the most spread in its commonality. It comprised as low as 4% in 
Miami and as high as 23% in Seattle. The square formed 18% of tall buildings in Los Angeles, 




Figure 3.6: Percentage of each building shape of the total tall buildings. 
 
 
Figure 3.7: Percentage of each building shape of the total tall building per city. 
 
When it comes to the least common shapes, circular and oval, they were not found in 
most of the cities, and in the cities that have them, they make a very small percentages of the 
total number of tall buildings. Los Angeles, Miami, New York, and San Francisco, contained 
neither of both of these shapes in their inventory. The circular shape building was found only in 
Boston, Atlanta, and Seattle with about 6%, 2.5%, and 2.5%, respectively. In terms of oval shape 
building, they were even less common than the circular ones. Oval shape were only found in 
Seattle and Chicago with 2.5% and less than 2%, respectively. It was noticed that there were 












































Square Rectangular Circular Oval Irregular
95 
 
irregular base, so they were considered according to their base shape. Nevertheless, while the 
circle and oval base shapes made up an insignificant portion of the total number of buildings, the 
oval shapes were ignored, whereas it was important not to rule out the circular shape from future 
stages of the study. The reasoning behind this was to study the circularity effects on when 
considering different aerodynamic modifications in the future stages. This do to its aerodynamic 
advantage in reducing wind loads, which was seen in some previous studies in chapter 2. 
Another reason that the circular shape was taken into consideration was that circular structures 
not in preticular tall buildings are common in the United States and across the world.  
After the number of tall buildings and building base shape were obtained, as mentioned 
in the process section, the width and length of each of the considered buildings were measured. 
Then, the aspect ratios (B/D) of each of the buildings was calculated. Due to the large number of 
buildings, only the average width and length will presented. However, the width, length, aspect 
ratio, and area of each of the buildings were recorded in Excel spreadsheet. The square base 
shape had an average length/width of all the considered buildings of 48.3 m, and an average base 
area of 2328.2 m2. The rectangle base shape had an average length of 64.5 m and average width 
of 41.8 m with an average aspect ratio (B/D) of 1.54, which is agrees with the average B/D data 
discussed below. The average base area of rectangular shape buildings was 3337.0 m2, which as 
excepted was considerably larger than the square base area. The irregular shape had an average 
length of 71.3 m and width of 47.7 m. In terms of the average base area of the irregular shapes, 
an assumption was made only for the average base area of the irregular. The assumption was that 
the average base area was calculated as a rectangular area for simplification purposes using the 
average width and length above. This gave an average base area for the irregular shapes to be 
approximately 3400.2 m2, which barely larger than the rectangular one. For the circular and oval 
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shapes, due to the fact that there is very few of them, there may be a skewness in the averages 
comparing to the other shapes. Generally, the circular shape had an average diameter of 50.4 m 
and a base area of 1990.5 m2, whereas the oval had an average length of 84.5 m and width of 
27.8 m and an average base area of 1843.6 m2.  
Regarding the commonality of the aspect ratio (B/D) of the rectangular and oval shapes, 
for rectangular shapes the aspect ratios up to but does not include B/D equal 1.1 was considered 
square shape not rectangular, which is less than 10 % margin for the imperfections of the 
existing buildings. The most frequent aspect ratio (B/D) was between 1.1 and 1.5, comprising 
36.6% of the rectangular shapes and 28.4% of the total. Next, was the B/D between 1.5 and 2.0, 
then the B/D between 2.0 and 2.5, constituting 25.4% and 12.6%, respectively. Finally, the B/D 
above 2.5 had the lowest percentage of about 9%, which was expected since tall buildings are 
usually in the downtown areas of the cities which are very congested and lack space for such 
buildings. For the oval shapes, similar to the width and length averages issue, due to the fact that 
there is very few of them, there may be a skewness in the averages of the aspect ratios comparing 
to the other shapes. Only 2 oval shape building were recorded of the total 449 building. Thus the 
first one had a B/D ratio of 5.0, where the other one had a B/D ratio of 1.94. 
 
Conclusion 
In short, the building inventory database for the eight major cities was one of the early 
steps of this study, which focus on finding a statistically representative groups of buildings that 
will be later used for further research on ways to mitigate and reduce wind loads on buildings. 
This research focus on figuring out a group of building shapes with aerodynamic modifications 
that reducing wind loads, such as drag on buildings.  
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In this study, eight major cities in the United States were considered: Atlanta, Boston, 
Chicago, Los Angeles, Miami, New York, San Francisco, and Seattle. The chosen major cities 
are spread across the country to cover most of the country area in the study. Where, the selection 
of the cities was based on the number of tall building and design wind speeds according to ASCE 
7. It was notice that most of the chosen cities are located near the coast, where high wind speeds 
were observed. In general, the building inventory is a database of the common parameters of the 
high rise buildings in the eight major cities. Also, building inventory is an index of the frequent 
attributes of high rise buildings, where within the data base, three primary parameters were 
recorded. Recorded in the database where the number of building per city and at each height 
interval in 30 m increments, the shape of the base of buildings, and the width and length of the 
buildings.  
From the data in the building inventory of this study, some key aspects of the pre-existing 
buildings were obtained that can be used in the next stages. This was the primary reason behind 
conducting the building inventory study so that this research endeavors to reach to the 
representative groups of buildings that will be later used for further research on ways to mitigate 








CHAPTER 4.    DOUBLE FAÇADE SYSTEMS ANALYSIS ANSYS FLUENT 
Abstract 
Traditionally, wind induced loads and effects are major concern for tall buildings, where 
structural engineers try to mitigate these loads and effects through different mitigation strategies. 
One of these strategies is aerodynamic modification of the building. Previous studies 
investigated different aerodynamic modifications, where they focused on modifying the building 
shape or its corners. Such modifications performed well in terms of reducing the wind loads and 
effects; however, they cannot be applied to already existing buildings and might not be desired 
by the owner or the architect. Thus, the ability to design the building with single facade or install 
new double facade system to the existing structures to reduce aerodynamic loads has gained 
considerable attention. Recent studies on façade modifications considered the double façade 
system idea with vertical openings, but these studies did not address the effect of different angles 
of attack on buildings with double façade modification. Also, the double façade was only at the 
front of the building and not to the other sides of it. Moreover, other innovative façade 
modifications, like bio-inspired modifications was not studied, where this is an open area for 
research as well. This study will focus on mitigating the wind loads and effects through different 
aerodynamic modifications on different building shapes (CAARC, rectangular, square, and 
circular). These aerodynamic modifications include plated façade, double façade with different 
vertical openings, perforated double façade, and bio-inspired, sharkskin and cactus, 
modifications. The different modification models were tested in computational fluid dynamics 
(CFD) simulations using ANSYS Fluent. The results of the considered aerodynamic 
modifications showed significant reductions in drag and lift coefficients for all the tested 
building shapes across all angles of attack considered. In terms of the pressure coefficients, CPmax 
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and Cpmin, and the pressure distribution, they also showed reduction for most of the modification 
on the different tested building shapes across all angles of attack considered. In addition, 
parametric study for different opening sizes for the perforated double façade and different 
roughness for the sharkskin modifications were considered. Only these two types of 
modifications were considered since they performed the best among all the other ones.  
 
Introduction 
Buildings are increasingly becoming taller and slender to accommodate compact urban 
environments. A significant focus during the design of tall buildings is the wind impact on the 
structure and the façade. Especially at higher floors, substantial wind loads act on the buildings. 
The ability to mitigate the oscillation and damage caused by these wind forces on future and 
current buildings has gained much attention in recent years. Lately, few researches studied the 
wind effects and its vibrations on building  (Jafari & Alipour, 2021; Micheli, Alipour, et al., 
2020; Micheli et al., 2019; Micheli, Cao, et al., 2020; Micheli, Hong, et al., 2020). Nevertheless, 
buildings are not the only structures that are affected by wind and its vibrations, where other 
structures such as traffic signals and transmission towers are also impacted by wind effects. 
Therefore, mitigating wind effects on such structures also gained the interest of researches 
recently (e.g. Alipour, Sarkar, Dikshit, Razavi, & Jafari, 2020; Jafari, Sarkar, & Alipour, 2019) is 
among the few studies that investigated wind effects on such structures. In addition, over the past 
decade, the aerodynamic modification of tall buildings to alleviate the wind load and response 
has been widely studied through numerical and experimental approaches.  
A study conducted by Alminhana et al. (2018) compares the values of experimental data 
and CFD results while attempting to reduce the wind forces exerted on the CAARC, 
Commonwealth Advisory Aeronautical Research Council, standard building by altering the 
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geometry of the building. The study analyzed the effects of recessed and chamfered corners on 
the pressure distribution around the model. The experimental data was collected through pressure 
tap rings located at 10 different heights along the building height. There was very little difference 
between experimental data and CFD results. According to the results, the models experienced 
approximately 30-33% decrease in drag forces due to chamfer and recess modifications 
(Alminhana et al., 2018). 
Yuan et al. (2018) analyzed the effect attaching transverse plates to the building surface 
on the pressure coefficients of tall buildings. The study recorded the pressures of 8 models with 
dimensions of L=100 mm, W=100 mm, and H=500 mm. Where out those models, 7 were with 
transverse plates, and 1 without, which representing the plain model.  All the models were tested 
in a wind tunnel and the data was collected using pressure taps. The pressure coefficients of three 
horizontal plate facade configurations were evaluated at angles of attack ranging from 0° to 45° 
degrees and compared to the plain building model. The transverse plates were clustered on the 
upper half of the models with varying the spacing in between them. The study showed that there 
was a little difference between the values of the largest positive peak pressures on the windward 
faces of the plain model, without plates, and the transverse plated models. The models with 
appurtenances resulted in constant pressure distribution on the front face (Yuan et al., 2018).  
Consequently, in terms of façade modifications previous research studied the effects of 
attaching plates to the surface of the buildings (Hui et al., 2019; Yuan et al., 2018). Nevertheless, 
these plates were only attached on the top of the buildings and their effects were studied in terms 
of pressure distribution and not on the drag and lift coefficients of the building. 
A study conducted by Dutton and Isyumou (1990) evaluated the impact of vertical 
openings on the aerodynamics of tall buildings. The gaps with different sizes were tested, and a 
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significant reduction for building excitation, which was measured by force balance test, was 
observed for small gaps that were approximately at 4% the width of the building. The smaller 
gaps, which were 10-15% width of the building, tended to outperform the larger gaps. It was 
concluded that the vertical openings disrupted the narrow-band vortex shedding in the wake 
region (Dutton & Isyumov, 1990). Therefore, it can be said that the implementation of vertical 
openings in buildings or on double facade systems could reduce wind-induced vibrations.   
In a similar study, Gang. et al. (2019) analyzed the impact of vertical openings in a 
double facade system. The study focused on four different double facades attached to a CAARC 
building. The four evaluated cases were described as: (1) a second facade skin that covered the 
entire windward face of the model; (2) a facade with a vertical opening in the center of the 
model; (3) a facade with three vertical openings; (4) a facade with five vertical openings. The 
double facade was only attached to the windward face of the model, and the vertical openings 
were equivalent to 2 m wide on the full-size CAARC building. It was concluded that the facade 
without a vertical opening had adverse effect on the pressure distribution around the model, as 
both the sides and back face of the model experienced larger pressure fluctuations.  However, the 
skins with vertical openings had a positive impact on model but the number of openings did not 
make a significant difference. The effect of opening size and double façade extended to the other 
sides were not investigated (Hu et al., 2019). 
As a result, the ability to design the building with single facade or install new double 
facade system to the existing structures to reduce aerodynamic loads has gained considerable 
attention. Recent studies on façade modifications considered the double façade system idea with 
vertical openings, but these studies did not address the effect of different angles of attack on 
buildings with double façade modification (Giachetti et al., 2019; Hu et al., 2017, 2019). Also, 
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the double façade was only at the front of the building and not to the other sides of it. Another 
aspect previous studies did not address are different types of double façade systems other than 
vertical openings, the effect of changing the number vertical openings, and different opening 
sizes. Furthermore, corner modifications, such as rounded corners for the double façade system 
was not studied. Also, other innovative façade modification, like bio-inspired modifications was 
not studied. Finally, the previous façade and double façade modifications were tested on 
CAARC building, and the other building shapes were not considered. Where, all of these are still 
open research areas.  
Therefore, this study focused on mitigating the wind loads and effects through different 
aerodynamic modifications on different building shapes (CAARC, rectangular, square, and 
circular). These aerodynamic modifications include plated façade, double façade with different 
vertical openings, perforated double façade, and bio-inspired, sharkskin and cactus, 
modifications. The different modification models as well as the effect of each of these 
modifications on different building shapes were tested in computational fluid dynamics (CFD) 
simulations using ANSYS Fluent. The effectiveness of the different modifications considered 
was evaluated by the reduction of drag coefficients, lift coefficients, maximum and minimum 
pressure coefficients, and pressure distribution with respect to each corresponding plain building 
shape model.  
This chapter consists of 5 sections. First, CFD validation of Huang et al. (2007) study. 
Second, the methodology that was used to obtain the results in this chapter. Third, results and 
discussion for the different modifications and building shapes. Fourth, a parametric study on the 
best performing modifications based on the results in the previous section. Fifth, the impact of 
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modifications on buildings and construction limitations that might be faced. Finally, conclusions 
and outcomes.  
 
CFD Validation 
Any CFD analysis study starts with a validation of a previous study in order to ensure the 
models, methods, and assumptions are correct. Thus, a validation case of a previous study was 
conducted using ANSYS Fluent to compare the results obtained to the ones presented in original 
paper. This CFD validation in this section will be performed on Huang et al. (2007).  
The study by Huang et al. (2007) was chosen for validation for multiple reasons. First, 
one of the models considered was the standard k-epsilon model, which matched the model of this 
study. Second, the considered measured parameters, drag and lift coefficients, were the same as 
some of the parameters of interest in this study. Third, Huang et al. (2007) considered CAARC 
building as their tested model, where in this study CAARC building is considered as a reference 
model. Finally, Huang et al. (2007) study presented both a CFD and experimental results for the 
parameters of interest.  
 The study conducted by Huang et al. (2007) compared their CFD simulation results and 
experimental data collected by Obasaju  (1992), which was conducted in the British Maritime 
Technology (BMT) Environmental Wind Tunnel, for a CAARC standard building model. They 
studied the accuracy of several common turbulence models; however, for validation purposes the 
focus was on the standard k-epsilon model. The difference between the CFD results using the 
standard k-epsilon model of Huang et al. (2007) study and the experimental results of Obasaju  
(1992) was found to be about 19%.  
The CAARC building was studied for eight different cases to compare the CD, CL, CσFx, 
and CσFy. However, the focus of our validation was on the results, which are CD and CL that were 
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obtained using the standard k-epsilon model. The assumptions used in Huang et al. (2007) study 
are listed in Table 4.1.   




To develop a proper computational domain, the turbulence model, meshing, and 
boundary conditions needs to be defined. In the CFD modeling, the inlet condition is defined as 
atmospheric boundary layer wind profile based on Obasaju  (1992) study. The atmospheric 
boundary layer wind was developed for a low suburban terrain with the reference wind speed of 
14.5 m/s at the building height. For turbulence modeling, the k and epsilon model was used to 
determine the kinetic energy of the turbulence and dissipation rate. The governing equations of 
𝑘 − 𝜀 model are defined in Eqs. 4.1 and 4.2 (Simiu & Scanlan, 1996). Whereas, the meshing of 
the computational domain was according the meshing scheme in Huang et al. (2007) study, 
where the number of meshing scheme was 2×106.  
              (4.1) 
               (4.2) 
 
Where Cµ is a constant in the k-epsilon method, Cµ is 0.09,   
K is the kinetic energy, 
Ε is the dissipation rate,  
Uavg is the mean velocity at the inlet,  
I is the turbulence intensity, and  
L is the turbulence integral length scale (= 0.58 for each model).  
 
In the study of Huang et al. (2007) the computational domain dimensions was set based 
on the dimensions of the model that need to be tested. In other words, the computational domain 
would vary with changing the dimensions of the model that will be tested, which is a common 
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practice in CFD simulations. The computational domain utilized here for the simulations is 
similar to a past study by Huang et al. (2007), and it is shown in Figure 4.1.  
 
Figure 4.1: The boundary conditions and computational domain. Top and side view, respectively 
(Huang et al., 2007). 
 
For validation purposes, the standard k-epsilon simulation of CAARC standard building 
by Huang et al. (2007) was recreated and evaluated through CD and CL results. The validation 
simulation developed a boundary inflow condition based on log law profile instead of the power-
law wind profile used by Huang et al. (2007); however, this had negligible effect on the wind 
profile since the terrain was kept the same, which was a low suburban terrain. In the validation 
process, the scaled roughness length of the log law was set 0.0013 m, which represents a low 
suburban terrain. The same assumptions, wind tunnel dimensions, and boundary conditions were 
utilized. In terms of the side walls boundary conditions of the computational domain, here it was 
set as slip condition to have the same boundary conditions as the validation case study since it 
was set this way in the original study of Huang et al. (2007). The full-scale CAARC building 
was assigned the exact dimensions of L=45.72 m, W=30.8 m, and H=183.88m then scaled by 
1:250.   
The results of the validation comparing to the results obtained by Huang et al. (2007) 
study CFD simulations and the experimental results by Obasaju  (1992) is presented in Table 4.2. 
The CD was very close, within an error margin of 7%, to the one obtained by the CFD simulation 
validated. While mean lift coefficient CL was approximately 0, which was not as close to the 
CFD simulation validated as the CD value, but it is very close to the experimental value of zero 
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obtained by Obasaju  (1992) study. Additionally, it can be argued that all the CL values are very 
small and close to zero. The accuracy of the validation would be improved with a finer mesh 
scheme; nevertheless, around 7% error range is an acceptable margin for validation purposes. 
The error between the CFD results by Huang et al. (2007) and the experimental results by 
Obasaju  (1992) was a little higher, where it was around 20%. However, it was mentioned in 
Huang et al. (2007) study that the reason for this was that these measurements were collected in 
different wind tunnels with different scale building models. In addition, a variation in the 
turbulence also can produced such error in the building response. Thus, since the validation was 
following the Huang et al. (2007) CFD simulation assumptions, similar error was expected when 
comparing the results to the experimental ones. Also, generally the experimental results have 
somewhat noticeable error when compared to CFD results due to differences in the conditions in 
a real wind tunnel. The comparison to the experimental results whether to Huang et al. (2007) 
CFD or the validation results might not seem ideal, but it is still useful to examine the present 
simulation results.  





The first step was deciding on using the realizable k-epsilon  model for CFD  simulation  
since the realizable gives better results comparing to the standard k-epsilon. After having the 
method in mind, there were several parameters, constraints, and equations to consider in order to 
develop the atmospheric boundary layer (ABL) wind code. These include: turbulence kinetic 
Case Source CD CL
CFD Huang et al. (2007) 1.50 0.01




energy, dissipation rate, inlet boundary layer conditions, wind speed, terrain roughness, and 
proper scaling.  
Based on the data collected from the building inventory in Chapter 3, information on the 
most common building shapes and dimensions, as well as other parameters including wind speed 
in the selected eight major cities in the U.S., were obtained. The wind speed utilized for the 
simulations was the worst-case wind scenario, the highest 3-second gust wind speed at 10 m 
height according to the ASCE 7 category 3 (exposure C) between the selected cities, which was 
85 m/s in Miami. Table 4.3 shows the scaling ratios considered in the simulations to match the 
results of CFD modeling and full-scale data. Where, the time scale was selected based on the 
experimental study Hou & Sarkar (2020) that studied vibrations on tall buildings. This study and 
time scale were chossen since it foucused on CAARC buidling, which acts a refereance in this 
study. As for the geometric scale, length scale, a 1/1000 was used. This is smaller compared to 
expermintal studies, but such scale was needed to arrive to an efficient simulation running time. 
Whereas, the velocity scale was estimated from length scale and time scale (Hou & Sarkar, 
2020).  




The wind profile correlates to an open terrain; however, many tall buildings are in areas 
where the terrain is classified as high-suburban terrain. As a result, the selected 85 m/s (3s gust) 
wind at 10 m height had to be converted to a mean-hourly wind speed at the top of the building 
height and the terrain from open to high suburban terrain for the ABL conditions that would be 
applied to the tested models using Eqs. 4.3 and 4.4 (Simiu & Scanlan, 1996). After these 
 Model Near-Wall Treatment Geometric Scale Time Scale Velocity Scale
Realizable k-epsilon Scalable wall 1/1000 1/11.5 1/90
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conversions and scaling have been applied to the 85 m/s wind speed, it was then set as the 
reference wind speed that was used in the ABL code for all the simulations.   
             (4.3) 
 
             (4.4) 
 
Where c(t) is a coefficient to account for horizontal non-homogeneities of atmospheric the flow, 
U3600 is the mean-hourly wind speed, 
Ut is the wind speed with t averaging time, 
U(Z1) is the wind speed at height Z1, 
U(Z2) is the wind speed at height Z2, 
β is a coefficient corresponding to various roughness lengths, 
Z0 is the roughness length, where a full-scale Z0 is 1 m, and 
Z is the height. 
Atmospheric boundary layer (ABL) wind profile that mimics the natural wind velocity 
profile varies with the height above the ground. There are two general ways that the ABL profile 
can be developed through the log law or the power law. In this study, the log law was used to 
develop the ABL wind profile by using Eqs 4.5 and 4.6 (Simiu & Scanlan, 1996).  
              (4.5) 
                         (4.6) 
 
K is the Von Karman’s constant, K is 0.4, 
Z0 is the roughness length, where a full scale Z0 is 1 m, 
Z is the height,  
Zref is the reference height, set at the top of the building height, 
Uref is the reference velocity at the reference height, and 
U* is the friction velocity. 
 
In addition, the turbulence kinetic energy and the dissipation rate in the k-epsilon model 
were considered. Eqs 4.7 and 4.8 below were used to determine the kinetic energy and 





































dissipation rate. All the ABL wind profile assumptions stated were implemented into ANSYS 
Fluent through a user-defined function (UDF) using the ABL wind profile code (ANSYS INC., 










                                                                                                                                  (4.8)      
Cµ: a constant in k-epsilon method, Cµ=0.09 was used. 
k: Kinetic energy. 
ε: Dissipation rate. 
K: Von Karman’s constant, K=0.4 was used. 
Z0: Roughness length, where a full scale Z0=1 m was used. 
Z: Height. 
U*: Friction velocity. 
 
Most of the building models were created in AutoCAD, and a few models were created in 
SolidWorks. The dimensions of the models were scaled down by 1000, while the units were kept 
in meters. The center of the base for each model was placed at the origin of coordinates to create 
symmetry of the model.  
Afterward, each scaled model was imported to design modeler, which was used to create 
the computational domain of the wind tunnel. The domain was tailored to the size of each scaled 
tested model following suit with the study conducted by Huang et al. (2007) with some minor 
changes. Since the sizing of the computational domain was based on the corresponding tested 
model base dimension, the scaled length of the base of each tested model was denoted by Dy, 
whereas the width was denoted by Dx. The considered computational domain dimensions are 
shown in Figure 4.2. 
The angle of attack was varied, where each model was tested at eight angles of attack, 0° 
- 90° in 15° increments along each side of the models, long and short sides, including the 
diagonal angles 56° in the long and 34°in the short. These angles were considered for all the 
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CAARC and rectangular building shape models. Whereas, square shape models have equal sides, 
so due to this symmetry the square shape models were tested at four angles of attack, 0°- 45° in 
15° increments along one of the sides. Due to the circularity nature of the circular shape models, 
the angle of attack is not valid.  In general, regardless if the model was tested along its long or 
short side for the applicable models, the domain dimensions was kept fixed in accordance with 
Dy.  
 
Figure 4.2: The geometry of the computational wind tunnel domain used. Top and side view, 
respectively.  
 
The front face of the domain, which is the velocity inlet, was named “inlet”, and the rear 
face, which is the pressure outlet, was named “outlet”. The bottom face was named “no-slip 
wall” while the other three outer faces were named “wall 1”, “wall 2”, and “wall 3”. Also, the 
faces of the tested model were grouped and named “building” as a single name selection. After 
the name selections were allocated, mesh sizes were assigned to the five bodies of the tunnel and 
the building model as presented in Figure 4.3. The mesh sizes presented were obtained by mesh 
size convergence sensitivity analysis, where coarser to finer mesh sizes were tested until arrived 
at the optimal mesh sizes. The selected optimal mesh sizes were as low as efficient 





Figure 4.3: Meshing sizes and types for each section of the computational wind tunnel domain. 
 
In Fluent, the realizable k-epsilon method was used with a scalable near-wall treatment, 
with the assumptions are listed in Table 4.4. The walls of the domain were set as no-slip 
conditions. The boundary wind conditions were determined by an ABL code, where the code 
was interpreted with a stack size of 10,000 prior to each simulation. The inlet velocity 
magnitude, turbulent kinetic energy, and turbulent dissipation rate were all determined by the 
ABL code with the inlet initial gauge pressure set to 0. Regarding the pressure outlet, the 
backflow turbulent kinetic energy and the backflow turbulent dissipation rate were also 
determined by the ABL code, while the outlet gauge pressure was set equal to 0, and the pressure 
profile multiplier was set equal to 1.  




The reference values for the simulation were chosen to be computed from inlet with a 
solid being the reference. Also, the air density was set to be 1.225 kg/m3. Based on the inlet 
conditions, the reference area for the simulation was set as the frontal cross-sectional area of the 
building model. This area was determined by the width and the height of the model, where for 
applicable models, it was dependent on whether the short or long side of the model was being 
evaluated. Also, when considering the different angles of attack, the model was rotated to the 
Solver type Time Inflow condition CPUs Processing option 
Pressure based Transient ABL 4 Parallel 
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corresponding angle considered, where the reference area was fixed for each building model and 
long or short sides, when relevant. The reference length was set to the length of the side of the 
building model along x-axis, along the length of the domain. The reference length was also fixed 
the same way, along with the reference area. Other reference values were generated by Fluent 
from the entered reference values.   
 After the boundary conditions and reference values have been established, setting the 
solution methods comes next, where they were consistent for all simulations. A summary of 
these methods is highlighted in Table 4.5 below. 




To extract desired results, such as drag and lift coefficients for example, report 
definitions with the corresponding results needed were set. Then, a standard initialization 
computed from the inlet was done to the solution before starting the simulation. In addition, to 
ensure the simulation reaches convergence, the time step size and number of time steps must be 
appropriate. Furthermore, the number of CPUs utilized determines the computational power and 
speed of the simulations. As mention earlier, 4 CPUs were used in parallel to optimize the 
simulation time. The time step size, the number of time steps, time-stepping method, and 
maximum iteration per time step that were used for each simulation are listed in Table 4.6.  
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Regarding the results of each simulation, the drag and lift coefficients acting on the 
building were calculated in separate files for each simulation as the simulation running. In this 
study the emphasis was on the mean values of the drag and lift coefficients, where they were 
collected after they became steady over time. It was noticed that occasionally the lift coefficients 
would have a periodic trend versus time, but still mean values were obtained since this is the 
focus of this study. The general equations for the drag and lift coefficients are presented in Eqs 
4.9 and 4.10. The pressure distribution contours, and the maximum and minimum pressure 
coefficients, were generated and captured in the post-processing after the simulation calculations 
had completed. 
              (4.9) 
                       (4.10) 
 
CD is the drag coefficient, 
CL is the lift coefficient, 
FD is the drag force, 
FL is the lift force, 
U is the wind speed, 
ρ is the air density, 
A is the reference area. 
 
 
Results and Discussion  
After going through the preliminary results stage, the selected transverse plated models 
based on these results were further tested using ANSYS Fluent with different angles of attack. 
These models were rectangular with B/D ratio of 1.5, square, and circular, which were based on 
the building inventory data. ANSYS Fluent gives better accuracy and more precious results since 
it is a finite volume CFD software and has the capability to account for the atmospheric 











modeling. Therefore, the purpose of running the plated models in this stage was to confirm the 
conclusions of the preliminary stage that plates had low to no reduction in the drag on the 
building. Adding plates might shows a negligible reduction in drag in some angles of attack, but 
it did not help in others. Also, some orientations of the plates, like the angled ones, worsen the 
drag, so they were already eliminated by the preliminary results. In addition, useful information 
can be obtained by using ANSYS Fluent like lift coefficient and pressure distribution on the 
building surface. Moreover, additional aerodynamic modifications, like double façade systems 
that could not be tested in the preliminary stage, will be considered in this stage. 
The angles of attack in this stage were varied in 15° increments and not 5° increments as 
in the preliminary stage due to the longer running time of ANSYS Fluent. This is still sufficient 
to cover the whole range needed and arrive in good conclusions. Due to symmetry, square 
models were tested along one side with the variation of angles of attack from 0° - 45°. While, 
rectangular models were tested along the long and short sides with varying the angles of attack 
from 0° - 90° along each side including the diagonal angles, 34° and 56°, in the short and long 
sides, respectively. This can be seen in Figure 4.4. 
 
Figure 4.4: Angles of attack for square (A), rectangular long side (B), and rectangular short 
side (C).    
 
In addition to the shapes based on the building inventory study, CAARC standard 
building that has a rectangular base shape of 1.5 B/D ratio was considered. The CAARC building 
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models was considered as an additional model to the building inventory models as well as a 
reference to test the façade aerodynamic modification since it is a standard building that many 
studies were conducted on it or used it as a reference, thus there is data available to compare and 
relate to. 
Following the methodology process described above, the CAARC, rectangular 
(B/D=1.5), square, and circular building models with transverse models according to the chosen 
plate sizes from preliminary stage were tested. Figure 4.5 shows the CAD of the transverse 
plated models tested and their dimensions. Nevertheless, the results obtained by testing some of 
those models with multiple angles of attack confirmed the preliminary results conclusions, where 
the reduction was negligible, and the plates were ineffective in reducing wind load. As a result, 
the testing for the rest of the models was terminated because some models with different angles 
of attack already confirmed the ineffectiveness and negligible reduction in the wind load, similar 
to preliminary results. 
Next, before fully giving up on the transverse plates modification and to have a 
modification that can also be applied to existing tall building out there, the transverse plates with 
the selected size were put onto a frame that was built around the model. In other words, the 
transverse plates were not attached to the surface of the building but rather on a frame around the 









Figure 4.6: The transverse plates on a not connected frame models’ dimensions with the selected 
plate sizes from preliminary results. 
 
The results obtained by testing some of these models with different angles of attack were 
similar to the results of the regular transverse plate’s modification, the ones where the plates 
were attached to the surface of the building. Whereas, still with having the transverse plates on a 
frame around the building, the reduction in the wind loads were negligible. Therefore, the 
simulations for the rest of the models were also terminated since some models with different 
angles of the attack showed ineffectiveness and negligible reduction in wind loads on buildings. 
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This confirmed the results and conclusions obtained in the preliminary stage. However, after this, 
the sharkskin section models that gave promising preliminary results were tested in this stage to 
recheck and confirm those results and conclusions. This time ANSYS Fluent has more powerful 
computational capabilities, hence the full-scaled models can be tested opposite to only a part of 
them as in the preliminary stage. In terms of the design of the sharkskin denticles, it was 
according to Bajsanki et al., (2017) study but with some minor changes. The dimensions of the 
full-scale sharkskin denticle considered are shown in Figures 4.7 below. 
 
 
Figure 4.7: Cross-sectional views of the sharkskin denticles: front, side, and isometric view. 
 
 
In addition to the sharkskin models, double façade modifications with different opening 
percentages were considered, where that was not possible in the preliminary stage. Also, just like 
in the preliminary stage, a plain model without any modifications was tested, which acted as a 
reference point to measure the effectiveness of each modification. In general, the double façade 
modification idea was a preferred idea since it can work for both the new and existing tall 
building. This is one of the objectives, having an aerodynamic modification that work for both, 
in order to give better recommendations to reduce wind loads on new and existing tall buildings. 
The considered models were the CAARC model and the models based on the building inventory 
with a base shape of rectangular (B/D=1.5), square, and circular. In terms of the results, drag 
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coefficient, lift coefficients, maximum and minimum pressure coefficients, and pressure 
distribution of the different building models were obtained. Nevertheless, for ease of comparison 
between different aerodynamic modifications along different angles of attack and since multiple 
parameters were compared, the drag, lift, minimum and maximum pressure coefficients were 
normalized. The normalization was with respect to (WRT) each corresponding plain, without any 
modification, building model of the same shape, side, and angle of attack, when applicable. 
Whereas, the pressure distribution contours were compared to each equivalent plain building 
model.  
Initially different double façade modifications were considered: perforated with 50% and 
25% opening, two cases of vertical openings (Case 1 & Case 2), and the same two case of the 
vertical openings but with rounded corners for the double façade (Case 1 RC & Case 2 RC). 
Different thicknesses (0.1m, 0.5m, and 2m) and distance from the surface of the building (1m, 
2m, and 4m) for the double façade were tested. It was found that the optimal ones were 0.1m 
thickness and 2m for the distance from the face of the building, so those were the ones used.  
 
CAARC Building Shape 
Starting with testing the CAARC building models with the different modifications, where 
all the considered double façade modifications were first tested on CAARC building models as a 
reference, and then comparisons between similar façade modifications were made to select the 
better-performing ones and continue with it for the rest of the models with eliminating the other 
ones. The comparisons were between perforated 50% and 25%, Case1 and Case 2, and Case 1 
RC and Case 2 RC. In addition, plain and sharkskin CAARC models were tested. All simulations 
were performed along the long and short sides with 0° - 90° angles of attack including the 




Figure 4.8: The CAARC building with all the different modifications considered. 
 
The results of the drag coefficients of the CAARC models with different modifications 
with respect to the plain CAARC model are shown in Figures 4.9 and 4.10 for the long and short 
sides, respectively. It can be seen that all the different modifications noticeably reduced the drag 
coefficient along both the long and short sides of each model in all angles of attack with respect 
to the plain CAARC model, without modification. The sharkskin (SK) modification showed the 
highest reduction in drag coefficient along the long and short sides in all angles of attack 
considered with an average of 60% reduction with respect to the plain CAARC model. Whereas, 
the vertical openings Case 1 (V1) showed the lowest reduction along the long and short sides in 
all angles of attack considered with an average of 20% reduction with respect to the plain 
CAARC model. A wide range of drag coefficients with respect to the plain model can be seen, 
where this was due the different openings sizes considered across the different double façade 
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modifications. Introducing a double façade to the building changed the aerodynamic of the 
building, where the gap between the double façade and the building helped in shearing some of 
the incoming wind away from the building. Also, it was noticed that the smaller the openings the 
less wind the building sees, so the lower the drag on it. In terms of the comparison between the 
similar double façade modifications, it was observed that the perforated with 25% opening (P 
25%) performed better that the one with 50% opening (P 50%), which was expected as the more 
opening the higher the drag. Similarly, the vertical openings Case 2 (V2) showed better results 
comparing to the vertical openings Case 1 (V1) for the same reasoning at the perforated 
modifications. Also, it was noticed that adding a roundness to the corners of the double façade 
helped in having higher reduction with most angles of attack, as expected from literature review 
(Chapter 2). However, still the Case 2 (V2 RC), with rounded corners, was performing better 
than Case 1 (V1 RC).  
The lift coefficients result with respect to the plain CAARC model are shown in Figures 
4.9 and 4.10 for the long and short sides, respectively. Typically, lift coefficient on buildings is 
not a concern as much as drag, where many studies tend to even neglect the lift on buildings due 
to its low values and insignificant effects on buildings, but in this study the lift coefficient was 
considered regardless its small values and effects on buildings. In general, lift coefficients can be 
negative, and they usually have lower values in comparison to drag coefficients, so the closer the 
lift coefficient to zero, the better. Overall, most of the different modifications performed better 
than the CAARC plain model, without modification, in most angles of attack along the long and 
short sides. For the most part, it can be said that the sharkskin (SK) modification produced the 
lowest lift coefficients on average with respect to the plain CAARC model in almost all angles of 
attack along the long and short sides. Whereas mainly Case 1 (V1) and Case 1 (V1 RC) 
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modifications had the highest lift coefficients on average with respect to the plain model in most 
angles of attack along the long side. Same as in drag, the perforated with 25% opening (P 25%) 
performed better than the one with 50% (P 50%), and the vertical openings Case 2 (V2) was 
relatively better compared to Case 1 (V1). It was also noticed that the roundness of the double 
façade corners in both vertical openings cases, Case 1 (V1 RC) and Case 2 (V2 RC), produced 
lower lift in most angles of attack than without the rounded corners with Case 2 (V2 RC) having 
better results between the two. The trend of the variation of the lift coefficients with respect to 
the plain within each modification along the different angles of attack is not as clear as the trend 
in the drag. However, the different reductions between the different modifications with respect to 
the plain model can be seen. Even though, different modifications in some angles of attack 
showed good amount of reduction, as discussed above the lift coefficients are usually relatively 
small and close to zero. Thus, it does not have as much effect on the building as drag, so these 
reductions seem to be large and have significant impact, but they are relatively not as significant 
as the reduction in drag and have less impact on the wind effects on buildings.  
 
Figure 4.9: (a) Drag coefficients and (b) Lift coefficients of CAARC building along the long side 
with different aerodynamic modifications considered with respect to CAARC plain building with 





Figure 4.10: (a) Drag coefficients and (b) Lift coefficients of CAARC building along the short 
side with different aerodynamic modifications considered with respect to CAARC plain building 
with varying the angle of attack.  
 
In addition to the drag and lift coefficients, the maximum and minimum pressure 
coefficients on the building models with the different modifications were considered and 
presented in the same way as the drag and lift coefficients, which is with respect to the plain 
CAARC model. The maximum and minimum pressure coefficients for the CAARC models are 
shown in Figures 4.11 and 4.12 along the long and short sides, respectively. All the 
modifications reduced the maximum pressure coefficients across all the angles of attack and 
along the long and short sides except the sharkskin modification. Across all the angles of attack 
the maximum pressures on the building surface with sharkskin modification increased with 
respect to the plain model by about 10% to 15% on average. This is since it is not a double 
façade, where the modification was on the surface of the building itself. Thus, the shape of the 
sharkskin denticles and the higher roughness of the building surface caused higher pressure 
coefficients at some areas on the building surface. Unlike the sharkskin modification, the other 
modifications were double façade modifications, where the building surface was still smooth as 
the plain model. Introducing the double façade with different openings made the building see 
less pressure which lead to having the maximum pressure coefficients decrease with respect to 
the plain model. This was due to the flow distribution of the wind changes and some wind got 
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sheared away from the building as well. Among all the double façade modifications, the 
perforated model with 25% opening (P 25%) had the highest reduction in the maximum pressure 
across all the angles of attack along both the long and short sides with around 55% average 
reduction with respect to the plain.  
On the other hand, the minimum pressure coefficients showed similar trend to the 
maximum pressure coefficients but with some differences. Such that the sharkskin had a small 
reduction in the minimum pressure coefficients at couple angles of attack with respect to the 
plain model. Also, it was noticed that at higher angles of attack, around 60° - 90°, the vertical 
opening models start to be at unity or a little higher with respect to the plain model.  
Nevertheless, the sharkskin in total still had the highest minimum pressure coefficients and the 
perforated with 25% opening (P 25%) had the lowest minimum pressure coefficients with 
respect to the plain across most angles of attack along the long and short sides. Regardless the 
reduction or increase in the maximum and minimum pressure coefficients, having a look at the 
pressure coefficients distribution contours would give even more complete picture since it shows 
how the pressure was distributed on the building surface. Whereas, the maximum and minimum 
pressure coefficients define the bounds of the pressure coefficient range on the building surface 





Figure 4.11: (a) Maximum pressure coefficients and (b) Minimum pressure coefficients for 
CAARC building along the long side with different aerodynamic modifications considered with 
respect to CAARC plain building with varying the angle of attack.  
 
 
Figure 4.12: (a) Maximum pressure coefficients and (b) Minimum pressure coefficients for 
CAARC building along the short side with different aerodynamic modifications considered with 
respect to CAARC plain building with varying the angle of attack.  
 
Looking at the pressure coefficient distribution on the front surface of CAARC building 
models with the different modifications along the long and short sides with various angles of 
attack, it can be seen that all the modifications had a reduction on the pressure on the front 
surface of the CAARC building. The perforated modifications had shown not only reduction in 
the pressure, but also more uniformity in the pressure distribution, especially the perforated with 




For the vertical openings modifications, both Case 1 (V1) and Case 2 (V2) showed a 
pressure reduction on the building surface, but not as much as the perforated models. The 
vertical openings modifications did not have as uniform pressure as the perforated, but they had 
the pressure concentrated on one part, but it was reduced compared to the plain CAARC model. 
Also, both Case 1 (V1) and Case 2 (V2) had areas where the pressure is almost zero, and this 
localization of the pressure would help in reducing the loads leading to the design sections being 
reduced in these areas.   
The roundness of the double façade corners in the vertical openings’ modifications, Case 
1 (V1 RC) and Case 2 (V2 RC), showed a negligible effect in terms of the pressure distribution. 
However, it can be noticed while comparing Case 2 (V2 RC) to Case 2 (V2), that the pressure on 
the areas near the building’s corners in Case 2 (V2) was slightly lower than in Case 2 with 
rounded corners (V2 RC), where the pressure on the areas near the building’s corners increased 
slightly. This can be due to the shearing effect of the wind that produces less pressure near the 
building’s corners in Case 2 (V2) since the corners of the double façade were not connected. 
Whereas, in the rounded corners case, Case 2 (V2 RC), the corners of the double façade were 
connected, so the closing in the double façade corners increase the pressure slightly around the 
corners of the building. This was not the case between Case 1 (V1) and Case 1 (V1 RC) because 
of having openings near the corners by the geometric design nature of Case 1 (V1) and Case 1 
(V1 RC).  
The sharkskin modification (SK) showed an increase in the pressure distribution 
comparing to the plain model, which align with the increase in the maximum pressure coefficient 
locally that was discussed earlier. This is reasonable since these modifications are not a double 
façade modification, where the sharkskin denticles were attached to the actual surface of the 
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building. Also, the sharkskin denticles introduced roughness and the larger frontal area of the 
building surface.   
The pressure coefficient distribution on the front face of the long side of the CAARC 
building with the different modifications considered is presented in Figure 4.13 for 0° angle of 
attack. A similar trend was found with the short side on the CAARC building. All the other 
angles of attack, whether along the long or short sides, showed a similar trend with the only 




Figure 4.13: Pressure coefficient distribution on the front side of CAARC buildings with 
different aerodynamic modifications considered along the long side at 0⁰ angle of attack. 
 
Based on the drag coefficients, lift coefficients, maximum and minimum pressure 
coefficients, and pressure coefficient distribution results of the CAARC model with the different 
modifications considered and comparing similar double façade modifications, the following 
modifications have been eliminated. These modifications are perforated with 50% opening (P 
50%), the vertical opening Case 1 (V1), and the vertical opening with rounded corners Case 1 
(V1 RC). This was due to the fact that the other modification, similar to each of them, performed 
better. Thus, it was decided to carry on with only the remaining modifications (P 25%, V2, V2 
RC, and SK) as the selected modifications. The selected modifications will be the ones used 
Plain     P 50%    P 25%       V1 V2 V1 RC   V2 RC      SK                          
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when testing the other building models and having their results with respect to the corresponding 
plain model in a similar manner to the CAARC model. The other models were the ones based on 
the building inventory, which were rectangular (B/D=1.5), square, and circular models.  
 
Rectangular Building Shape  
In terms of building inventory models, the rectangular building model with a length to 
width aspect ratio (B/D) of 1.5 was the first to be tested. The rectangular building model was 
tested with the different selected modifications, perforated with 25% opening (P 25%), vertical 
openings Case 2 (V2), vertical openings with rounded corners (V2 RC), and sharkskin (SK). All 
simulations were completed with 0° - 90° angles of attack in addition to the diagonal angles, 56° 
and 34°, along the long and short sides, correspondingly. Figure 4.14 presents all these 
rectangular models and their dimensions.   
 
Figure 4.14: The rectangular (B/D=1.5) building with all the selected modifications. 
 
The drag coefficients of the rectangular models with different modifications with respect 
to the plain rectangular model are shown in Figures 4.15 and 4.16 for the long and short sides, 
respectively. All the selected modifications significantly reduced the drag coefficient along both 
the long and short sides in all angles of attack with respect to the plain rectangular model, 
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without modification. Just as the CAARC building, the sharkskin (SK) modification showed the 
highest reduction in drag coefficient along the long and short sides in all angles of attack 
considered with an average of 60% reduction. As for the perorated modification with a 25% 
opening (P 25%), it reduced the drag coefficient by an average of 50% along the long side and 
short sides. Whereas, between the selected modifications both the vertical openings Case 2 (V2) 
and the one with rounded corners Case 2 (V2 RC) showed the lowest but noticeable reduction 
along the long and short sides in all angles of attack considered with around 45% on average 
along the long and short sides. Also, it was noticed that adding roundness to the corners of the 
double façade in the vertical opening modification, Case 2 (V2 RC) helps in having slightly 
higher reduction comparing to Case 2 (V2) between 30° - 60° angles of attack along the long and 
short sides. At the other angles of attack the rounded corners in Case 2 (V2 RC) decreased 
slightly the reduction in drag compering to Case 2 (V2) with respect to the plain model.  
The results of the lift coefficients of the rectangular models are shown in Figures 4.15 
and 4.16 for the long and short sides, respectively.  It can be seen that almost all of the selected 
modifications performed better than the plain model, where the lift coefficients were all below 
unity with respect to the plain models, across the angles of attack along the long and short sides. 
The only exception to this is the perforated 25% (P 25%), where it was at unity with respect to 
the plain at 56° along the long side. As mentioned earlier typically lift coefficient on buildings is 
not a concern as much as drag, due to its low values the insignificant effects on buildings in 
comparison to the drag. Generally, lift coefficients have lower values in comparison to drag 
coefficients, so the closer the lift coefficient to zero, the better.    
It can be seen in Figures 4.15 and 4.16 below that the sharkskin (SK) modification 
produced the lowest lift coefficients with respect to the plain model in all angles of attack. Also, 
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sharkskin (SK) had the closest lift coefficients to zero in all angles of attack along the long and 
short sides. Whereas, mainly the perforated 25% (P 25%) had the highest lift with respect to the 
plain model in most of the angle of attack along the long and short sides, but still, for the most 
part, performed better than the plain rectangular model. The vertical opening modifications, Case 
2 (V2) and Case 2 (V2 RC), fall in between while it still performed better the plain model. It was 
also noticed that the roundness of the double façade corners in the vertical openings Case 2 (V2 
RC) had an almost negligible effect in most angles of attack considered along both sides.  
 
Figure 4.15: (a) Drag coefficients and (b) Lift coefficients of rectangular (B/D=1.5) building 
along the long side with selected aerodynamic modifications considered with respect to 
rectangular (B/D=1.5) plain building with varying the angle of attack.  
 
 
Figure 4.16: (a) Drag coefficients and (b) Lift coefficients of rectangular (B/D=1.5) building 
along the short side with selected aerodynamic modifications considered with respect to 
rectangular (B/D=1.5) plain building with varying the angle of attack.  
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The maximum and minimum pressure coefficients for the rectangular models with 
respect to the rectangular plain model are shown in Figures 4.17 and 4.18 along the long and 
short sides, respectively. As expected, it was noticed that maximum and minimum pressure 
coefficients of the rectangular models with respect to the plain had similar trend to the CAARC 
models along the long and short sides. All the modifications reduced the maximum pressure 
coefficients across all the angles of attack and along the long and short sides except the sharkskin 
modification. Across all the angles of attack the maximum pressures on the building surface with 
sharkskin modification increased with respect to the plain model by about 10% to 15% on 
average. As discussed earlier the reason behind this is that the sharkskin is not a double façade 
modification and it adds roughness to the building surface. Double façade modifications with 
different openings gets some wind sheared away which lead to decrease the maximum pressures 
on the building surface. Among all the double façade modifications, the perforated model with 
25% opening (P 25%) had the highest reduction in the maximum pressure across all the angles of 
attack along both sides with around 60% average with respect to the plain.  
The minimum pressure coefficients also showed analogous trend to the minimum 
pressure coefficients in the CAARC, where the sharkskin reduced the minimum pressure 
coefficients at couple angles of attack and increased it slightly at others with respect to the plain 
rectangular model. At higher angles of attack, around 60° - 90°, the vertical opening models 
start to be closer to unity with respect to the plain model with about 15% to 20% reduction.  
In total, the sharkskin still had the highest minimum pressure coefficients and the perforated with 
25% opening (P 25%) had the lowest minimum pressure coefficients with respect to the plain 
across most angles of attack along both sides. Regardless the reduction or increase in the 
maximum and minimum pressure coefficients and as discussed in the CAARC, having a look at 
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the pressure coefficients distribution contours on the building surface would show a better 
picture. However, the pressure distribution of the rectangular models will be discussed later 
along with the square models due to close similarity between the two and the CAARC. 
 
Figure 4.17: (a) Maximum pressure coefficients (b) Minimum pressure coefficients for 
rectangular (B/D=1.5) building along the long side with selected aerodynamic modification 
considered with respect to rectangular (B/D=1.5) plain building with varying the angle of 
attack.  
 
Figure 4.18: (a) Maximum pressure coefficients (b) Minimum pressure coefficients for 
rectangular (B/D=1.5) building along the short side with selected aerodynamic modification 




Square Building Shape 
Like the rectangular building models, the square building models were tested with the 
different selected modifications, perforated with 25% opening (P 25%), vertical openings Case 2 
(V2), vertical openings with rounded corners (V2 RC), and sharkskin (SK). Nonetheless, due to 
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the symmetry of the square building models the simulations were performed with only 0°, 15°, 
30°, and 45° angles of attack. Figure 4.19 presents all these square models and their dimensions.   
 
Figure 4.19: The square building with all the selected modifications. 
 
The results of the drag coefficients of the square models, presented in Figure 4.20, have a 
comparable pattern to the rectangular models, where all the selected modifications considerably 
reduced the drag coefficient in all angles of attack with respect to the plain square model. The 
sharkskin (SK) modification showed the highest reduction in drag coefficient in all the 
considered angles of attack with 60% reduction with respect to plain model. The perforated 
modification with a 25% opening (P 25%) reduced the drag coefficient by an average of 50%. 
Whereas, between the selected modifications, both the vertical openings Case 2 (V2) and the one 
with rounded corners Case 2 (V2 RC) showed the lowest but significant reduction in all angles of 
attack considered with about 45% reduction on average. Introducing roundness to the corners of 
the double façade in the vertical opening modification, Case 2 (V2 RC) helped in having a 
slightly higher reduction comparing to Case 2 (V2) at higher angles of attack, just like in the 
rectangular model’s case.   
The lift coefficients of the square models are shown in Figure 4.20. It was observed that 
all the selected modifications along with the plain square model had almost zero lift in all angles 
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of attack but still reduced the lift coefficients with respect to the plain model in almost the same 
way as the rectangular and CAARC models. There is significant reduction, but since the lift 
coefficients are small and close to zero, these significant reductions would not have much of 
impact on the wind effects on buildings. This is the best performance it can get in terms of lift 
coefficients when the values are really small and close to zero. As mentioned earlier, lift 
coefficients can be negative, and they usually have low values, so the closer the lift coefficient to 
zero the better. Having a closer look to at the lift coefficients of the different selected 
modifications with respect to the plain square model, the sharkskin (SK) had the highest 
reduction in lift with an average of around 60%. Whereas, it can be seen that the perforated with 
a 25% opening (P 25%) and the vertical openings Case 2 (V2) and Case 2 (V2 RC) had lift 
coefficients less reduction with about 20% on average. In terms of the rounded corners, it can be 
said that they had negligible effect.  
 
Figure 4.20: (a) Drag coefficients and (b) Lift coefficients of square building with selected 
aerodynamic modifications considered with respect to square plain building with varying the 
angle of attack.  
 
The maximum and minimum pressure coefficients for the square models with respect to 
the square plain model are shown in Figure 4.21. It was seen that maximum pressure coefficients 
of the square models with respect to the plain had comparable trend to the rectangular and 
CAARC models, whereas not so much with the minimum pressure coefficients. All the 
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modifications reduced the maximum pressure coefficients across all the angles of attack except 
the sharkskin modification. Across all the angles of attack the maximum pressures on the 
building surface with sharkskin modification increased with respect to the plain model by about 
10% to 20% on average. As discussed earlier this was the case because of the shearing effect in 
the double façade modification models that lowered the maximum pressure on the building 
surface. Whereas, the sharkskin modification introduced roughness which increased the 
maximum pressure coefficients. Among all the double façade modifications, the perforated 
model with 25% opening (P 25%) had the highest reduction in the maximum pressure across all 
the angles of attack along both sides with around 60% average with respect to the plain.  
On the other hand, the minimum pressure coefficients trend is similar to the minimum 
pressure coefficients in the rectangular and CAARC but with minor differences. The sharkskin 
modification reduced the minimum pressure coefficient across all the angles of attack with 
respect to the plain square model. In the rectangular or CAARC it decreased the minimum 
pressure coefficients but increased at some angles of attack. Moreover, the vertical opening 
models reduced the minimum pressure coefficients along all the angles of attack 
considered and did not increased it at high angles of attack like the case in rectangular and 
CAARC.  In general, the sharkskin had the highest minimum pressure coefficients and the 
perforated with 25% opening (P 25%) had the lowest minimum pressure coefficients with 
respect to the plain across most angles of attack along both sides. It can be said that the vertical 
opening models had very close reduction in minimum pressure coefficients to the perforated 




Figure 4.21: (a) Maximum pressure coefficients and (b) Minimum pressure coefficients for 
square building with selected aerodynamic modifications considered with respect to square plain 
building with varying the angle of attack.  
 
Regardless the reduction or increase in the maximum and minimum pressure coefficients 
and as discussed in the CAARC, having a look at the pressure coefficients distribution contours 
on the building surface would show a better picture. As for the pressure coefficient distribution 
of the rectangular and square models, they had exactly similar trends and conclusions just as the 
ones described for the CAARC building models, which were presented earlier in Figure 4.13. 
Thus, the pressure distribution contours on the rectangular and square building surface will not 
be presented, where it can be referred to the CAARC ones in Figure 4.13 above since it 
represents relatively identical trend. All the selected modifications had a reduction in the 
pressure on the front surface of the buildings except the sharkskin. Where, the sharkskin 
modification (SK) showed an increase in the pressure distribution comparing to the plain model, 
which align with the increase in the maximum pressure coefficient locally that was discussed 
earlier. The perforated modifications had shown not only reduction in the pressure, but also more 
uniformity in the pressure distribution, which is desirable.  
The vertical openings modification, Case 2 (V2) showed a reduction of the pressure on 
the building surface, but not as much as the perforated models. Furthermore, the vertical 
openings modifications did not have the pressure as uniform as the perforated, but it had the 
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pressure concentrated on one part, but it was reduced compared to the plain models. Also, Case 2 
(V2) had areas where the pressure almost zero, where this localization of the pressure would help 
in reducing the loads there that can lead to the design sections being reduced in these areas. 
Whereas, the roundness of the double façade corners in the vertical opening’s modification, Case 
2 (V2 RC), showed a negligible effect in terms of the pressure distribution. 
 
Circular Building Shape 
Finally, the last shape considered in this study was the circular building shape, which was 
the last building shape from the building inventory in Chapter 3. This shape was tested like the 
other ones presented above but with slight variation and additional modifications due to their 
geometric nature. For instance, by reason of the circularity of the models, vertical opening with 
rounded corners modifications, Case 1 (V1 RC) and Case 2 (V2 RC), were not applicable. 
Whereas, both perforated modifications with 50% and 25% opening, P 50% and P 25%, as well 
as, both the vertical openings cases, Case 1 (V1) and Case 2 (V2), were tested to see if those 
modifications had different effects on such a circularity nature models. For the vertical openings 
Case 2 (V2), a different number of openings were considered. In addition, bio-inspired 
modifications, sharkskin (SK), and cactus (CT) were considered. The cactus (CT) modification 
was added as it was taken into consideration in some of the literature in Chapter 2 for circular 





Figure 4.22: The circular building with different modifications. 
 
The drag and lift coefficients for the circular model with different modifications are 
presented in Table 4.7, where angles of attack are not applicable for circular shape. For drag 
coefficients, all the considered modifications showed a noticeable reduction with respect to the 
circular plain model. Nevertheless, it was observed that the perforated with 25% opening (P 
25%) and the vertical openings Case 2 (V2) showed the highest reduction, which was around 
75% - 80%. While, the cactus modification (CT) had the lowest reduction with about around 
20% followed by the sharkskin (SK) with almost 35% reduction with respect to the plain.  
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In general, it was noticed that all the double façade modifications had a higher reduction 
in circular models comparing to the CAARC, rectangular, and square models presented earlier. 
The reason behind it is due to the circularity of it which provided smoothness to the flow. It was 
noticed that flow lines got separated around the circular models when they hit the double façade. 
This led to having less flow going through to the actual building that led to having less drag on 
the building. In addition, it was observed that as the number of vertical openings increases with 
having the opening percentage constant, the drag coefficient reduction slightly decreased with 
respect to the plain model, which was expected as similar trend was seen in the previous models. 
As shown in Table 4.7, this can be spotted, when comparing Case 1 V1 (a) with 6 openings to 
Case 1 V1 (d) with 16 openings.  
The bio-inspired modifications of sharkskin (SK) and cactus (CT) added roughness to the 
building’s surface, which leads to having the reduction in drag coefficients much less than the 
double façade modifications with respect to the plain. In terms of lift coefficients for circular 
models, most of the modifications had a relatively negligible effect on lift coefficients. It was 
found that the bio-inspired modifications had the highest reduction in lift coefficient with about 
50% and 65% reduction with respect to the plain for the cactus (CT) and sharkskin (SK), 
respectively. The vertical opening V1 (a) with the least number of openings had the highest 
reduction in lift coefficient with around 40% among the double façade modifications. With the 
increase of number of opening with constant percentage opening, the reduction in the lift 
decreased. In general, regardless of the reduction in lift coefficients with respect to the plain 
model, the lift coefficients for all the circular models were very close to zero. Thus, the actual 
impact of the different modification on lift can be neglected for circular models.   
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The maximum and minimum pressure coefficients for the circular models with respect to 
the circular plain model are shown in Table 4.7. Maximum pressure coefficients of the circular 
models had somewhat comparable trend to the rectangular and CAARC models. All the 
modifications reduced the maximum pressure coefficients except the bio-inspired modifications, 
sharkskin (SK) and cactus (CT). The maximum pressures on the building surface with sharkskin 
modification increased with respect to the plain model by about 15%, whereas the cactus (CT) 
maximum pressure coefficient was around the unity. As discussed earlier this was the case 
because of the shearing effect in the double façade modification models that decreased the 
pressure on the building surface, unlike the bio-inspired modifications that introduced roughness 
which increased the maximum pressure on the surface of the building. As anticipated, among all 
the double façade modifications, the perforated model with 25% opening (P 25%) had the 
highest reduction in the maximum pressure with around 75% with respect to the plain. In terms 
of the vertical opening modifications, similar trend to the drag coefficient was found, where the 
as the number of opening increases the reduction in the maximum pressure coefficient decreases 
with respect to the plain.  
As for the minimum pressure coefficients, analogous trend to the maximum pressure 
coefficients was found with minor differences. These differences were that both bio-inspired 
modification, sharkskin (SK) and cactus (CT), did not increase the minimum pressure 
coefficients with respect to the plain models, instead they decreased it with around 15% and 35% 
reduction, respectively. Also, the reductions in the minimum pressure coefficients were a little 
higher in comparison to the maximum pressure coefficients, except in the perforated (P 25%) 
and (P 50%) modifications. In general, the perforated modifications (P 25%) and (P 50%) had 
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the highest reduction in the minimum pressure coefficients with about 50% reduction with 
respect to the plain. Whereas, the sharkskin (SK) had the lowest reduction with around 15%.  
Table 4.7: Drag and lift coefficients and maximum and minimum pressure coefficients of 
circular building with different aerodynamic modifications considered with respect to the plain 




Irrespective of the reduction or increase in the maximum and minimum pressure 
coefficients and as discussed earlier, having a look at the pressure coefficients distribution 
contours on the building surface would give a better picture. The pressure coefficient distribution 
of the circular models had comparable trend like the ones described for the CAARC building 
models, which were presented earlier in Figure 4.13. Even though the pressure distribution trend 
was still similar to one of CAARC models, just like the other models, the pressure distribution of 
the front side of the circular models with the different modifications is presented in Figure 4.23. 
Even though the pressure distribution on the circular building models had the same pattern to the 
CAARC, the pressure distribution is presented unlike the rectangular and square. This was due to 
circularity nature, and the various additional modifications that were tested for circular models, 
like the different numbers of openings in the vertical openings Case 1 (V1) and the new cactus 
modification (CT) as well. All the considered modifications had a reduction in the pressure on 
the front surface of the buildings except the bio-inspired modifications, sharkskin (SK) and 
cactus (CT), as they had almost similar pressure on the surface as the plain circular model with a 
slight increase in comparison to the plain especially the sharkskin (SK). This align with the 
increase in the maximum pressure coefficient locally that was discussed earlier.  
P 25% P 50% V1 (a) V1 (b) V1 (c) V1 (d) V2 SK CT
CD 0.23 0.30 0.35 0.37 0.40 0.49 0.21 0.66 0.83
CL 0.75 0.89 0.59 0.67 0.84 0.90 0.82 0.35 0.52
CPmax 0.25 0.33 0.67 0.75 0.77 0.79 0.48 1.15 1.02










Like the observation found in the other models, the perforated modifications had shown 
not only reduction in the pressure, but also more uniformity in the pressure distribution, which is 
desirable. Nevertheless, unlike the other models, where the perforated with a 25% opening (P 
25%) had a higher reduction and better uniformity of the pressure distribution than the one with 
50% opening (P 50%), in circular models, the difference between the two was almost negligible.  
The vertical openings modifications of Case 1 (V1 a, b, c, and d) and Case 2 (V2) showed 
a reduction of the pressure on the building surface, but not as much as the perforated models. 
The vertical openings modifications did not have as uniform pressure as the perforated; however, 
they had the pressure concentrated on parts, but still they were lower compared to the plain 
models. This localization of the pressure would help in reducing the loads at those parts that can 
lead to the design sections being reduced in these areas.  
 
Figure 4.23: Pressure coefficient distribution on the front side of circular buildings with the 




Plain          P 50%          P 25%          V1 (a) V1 (b)
V1 (c)          V1 (d)            V2                SK                CT
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Parametric Study on Perforated and Sharkskin Modifications 
 After studying the effects of different modifications on different building shapes 
(CAARC, rectangular, square, and circular), a parametric study on the two best performing 
modifications, the perforated and sharkskin, were considered in this section. This study was 
performed on only the CAARC building shape since it was considered as the reference 
throughout. Also, the other building shapes had somewhat similar trend as found in the earlier 
sections above. The parametric study focused on the effect of varying the percentage opening in 
the perforated modifications and the roughness in the sharkskin modification. This helped in 
assessing the sensitivity of those parameters on the drag, lift, and maximum and minimum 
pressure coefficients across the different angles of attack and along the long and short sides.  
 The perforated modification opening was wide-ranging from 25% opening to 50% in 5% 
increments, where both the 25% and 50% bounds were the same as the ones tested earlier in the 
CAARC building shape section. On the other hand, the sharkskin modification roughness was 
varied between low, medium, and high, where the sharkskin modification that was considered in 
the earlier sections was set as the medium roughness. Two different levels of roughness were 
then considered: one lower and another higher. The roughness was measured on the sharkskin 
denticle level by taking the ratio of the area projected in the vertical to the area projected in 
horizontal. The roughness levels ratios considered were as follow: 1.8, 2.4, and 3.0 for the low, 
medium, and high roughness, respectively. Figure 4.24 present the dimensions and cross-
sectional views of the low, medium, and high roughness sharkskin denticles used to build the 
models. The CAARC models with different perforated opening percentages are presented in 





Figure 4.24: Cross-sectional views of the low, medium, and high roughness sharkskin denticles: 
front, side, and isometric view, respectively. 
 
 
Figure 4.25: The perforated modification on CAARC building with the different opening 






Figure 4.26: The sharkskin modification on CAARC building with the different roughness (low, 
medium, and high) considered in the parametric study. 
 
The results of the drag coefficients of the CAARC models with different perforated and 
sharkskin modifications considered in the parametric study with respect to the plain CAARC 
model are shown in Figures 4.27 and 4.28 for the long and short sides, respectively. All the 
perforated modifications with different opening percentage noticeably reduced the drag 
coefficient along both the long and short sides in all angles of attack with respect to the plain 
CAARC model. As expected, for the perforated models with different opening, it was observed 
that with the increase of the percentage opening, the reduction in drag with respect to the plain 
model decreased. This was due to the building seeing more wind which lead to more drag on it 
with higher percentage opening. The highest reduction was in the 25% opening (P 25%) with 
about 50% on average across the angles of attack, whereas the lowest reduction was for the 50% 
opening (P 50%) with almost 20% to 30% on average. The other percentages fall in between 
with the higher reduction for the least percentage opening.  
Regarding the sharkskin modification with different levels of roughness, it was noticed 
that with the increase of surface roughness, the drag on the building decreased. As anticipated, 
the sharkskin with high roughness (SKH) had the highest reduction with an average of about 




the different roughness levels was the low roughness (SKL) with around 50% on average, which 
is still a considerable amount. These findings agree with previous studies presented earlier in the 
literature review in Chapter 2. One of those studies was Lignarolo, et al., (2011) that built on the 
idea that surface roughness can change the aerodynamic properties of a body as proven in a 
previous study by Maruta, et al., (1998), which showed that surface roughness can change a 
body’s aerodynamic especially drag. (Lignarolo et al., 2011; Maruta et al., 1998). As for 
comparing the different sharkskin modifications to the perforated ones, it can be seen that in total 
all the sharkskin modifications with their various roughness level performed better than any of 
the perforated modifications in terms of the reduction in drag coefficient with respect to the plain 
CAARC model.   
The lift coefficients the results with respect to the CAARC plain model are presented in 
Figures 4.27 and 4.28 for the long and short sides, respectively. It was observed that the lift 
coefficients results had the same trend as the drag for the considered modification models in the 
parametric study. Where, the perforated 25% (P 25%) had the highest reduction with respect to 
the plain among the different perforated percentages with about 45% reduction on average across 
the angles of attack in the long and short sides and the lowest was for the 50% perforated (P 
50%) with an average of 20% - 30%. For the other perforated percentages, it can be seen that 
with the increase of the percentage opening, the reduction in drag with respect to the plain model 
decreased. Nonetheless, as mentioned earlier, lift coefficient on buildings typically is not a 
concern as much as drag, where many studies tend to even neglect the lift on buildings due to its 
low values the insignificant effects on buildings.  
The roughness of the sharkskin denticles on the sharkskin models had similar effect on 
the lift coefficient just like the drag; higher roughness had higher reduction in lift coefficients 
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with respect to the plain model. Furthermore, all the sharkskin modifications with their various 
roughness level performed better than any of the perforated modifications in terms of the 
reduction in lift coefficient with respect to the plain CAARC model.    
 
Figure 4.27: (a) Drag coefficients and (b) Lift coefficients of CAARC building along the long 
side with different perforated and sharkskin modifications considered in the parametric study 
with respect to CAARC plain building with varying the angle of attack.  
 
 
Figure 4.28: (a) Drag coefficients and (b) Lift coefficients of CAARC building along the short 
side with different perforated and sharkskin modifications considered in the parametric study 
with respect to CAARC plain building with varying the angle of attack.  
 
In addition to the drag and lift coefficients, the maximum and minimum pressure 
coefficients were considered. The maximum and minimum pressure coefficients for the CAARC 
models with different perforated and sharkskin modifications considered in the parametric study 
are shown in Figures 4.29 and 4.30 with respect to the plain CAARC model across the different 
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angles of attack along the long and short sides, respectively. A clear trend can be seen in the 
maximum pressure coefficient variation between the models, where with the gradual increase of 
the opening percentage for the perforated models, the maximum pressure on the building 
increased correspondingly. The perforated 25% (P 25%) had the highest reduction in the 
maximum pressure coefficient, while the perforated 50% (P 50%) had the highest with an 
average of 60% and 30% reduction with respect to the plain model, respectively. This was 
expected, as with larger percent opening the building would see more wind that induces more 
maximum pressures on the building surface, where in smaller percent opening more wind got 
sheared away from the building surface. Conversely, the sharkskin models with the different 
levels of roughness slightly increased the maximum pressure coefficients with respect to the 
plain in all angles of attack along the long and short sides. The higher roughness had the highest 
increase among the different roughness levels with about 20% increase with respect to the plain; 
nevertheless, mainly the medium roughness had the lowest increase and not the low roughness 
with almost 15%. For the most part, the low roughness falls in between the two with it being 
closer to the higher roughness, but this had some exceptions in couple angles of attack where the 
low roughness had the highest or lowest increase in couple angles of attack. In general, the effect 
of roughness was considered as very minimal on the maximum pressure coefficients.  
The minimum pressure coefficients showed similar trend to the maximum pressure 
coefficients but with minor differences. The sharkskin had a small reduction in the minimum 
pressure coefficients at couple angles of attack with respect to the plain model. This can be seen 
mainly around the middle range of the angles of attack between 30° - 60°. Also, it was noticed 
some fluctuations in perforated models minimum pressure coefficients pattern in comparison to 
the maximum pressure coefficients, but in general the trend still holds. The increase of the 
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percent opening in the perforated models decreased the reduction in the minimum pressure 
coefficients with respect to the plain. As a whole, the sharkskin in total still had the highest 
minimum pressure coefficients and the perforated with 25% and 30% opening (P 25% & P 30%) 
had the lowest minimum pressure coefficients with respect to the plain across most angles of 
attack along the long and short sides.  
 
Figure 4.29: (a) Maximum pressure coefficients and (b) Minimum pressure coefficients for 
CAARC building along the long side with different perforated and sharkskin modifications 
considered in the parametric study with respect to CAARC plain building with varying the angle 
of attack.  
 
 
Figure 4.30: (a) Maximum pressure coefficients and (b) Minimum pressure coefficients for 
CAARC building along the short side with different perforated and sharkskin modifications 
considered in the parametric study with respect to CAARC plain building with varying the angle 




Irrespective of the reduction or increase in the maximum and minimum pressure 
coefficients, having a look at the pressure coefficients distribution contours would give even 
more complete picture since it shows how the pressure was distributed on the building surface. 
The maximum and minimum pressure coefficients can be visualized as the upper and lower 
limits of the pressure coefficient range on the building surface, which would be more of a 
localized view of the pressures on the building surface.   
The pressure coefficient contour distribution on the front surface of CAARC building 
models with different perforated and sharkskin modifications considered in the parametric study 
along the long and short sides was considered. All the modifications had a reduction on the 
pressure on the front surface of the CAARC building except the sharkskin modifications. The 
perforated modifications had shown not only reduction in the pressure, but also more uniformity 
in the pressure distribution. As the perforated opening percentage decrease, more pressure 
reduction and distribution can be seen. Among the different perforated modifications, the 
perforated with 25% opening (P 25%) had the highest reduction and more uniformly distributed 
pressure on the building surface in comparison to the plain CAARC model. Whereas, the 
perforated with 50% opening (P 50%) had the highest among the perforated ones, but still less 
than the plain and the sharkskin modifications.   
The sharkskin modifications with different level of roughness showed an increase in the 
pressure distribution comparing to the plain model, which line up with the increase in the 
maximum pressure coefficient locally that was discussed earlier. This is reasonable since these 
modifications are not a double façade modification, where the sharkskin denticles were attached 
to the actual surface of the building. Also, the sharkskin denticles introduced roughness and the 
larger frontal area of the building surface. Moreover, looking at the effect of varying the 
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roughness of the sharkskin denticle, it was found that the effect is very minimal. The highest 
roughness had slightly higher pressure on the building surface and the medium had slightly 
lower. However, due to the insignificant change in the pressure distributions, it is hard to see 
such a change on the pressure distribution on the surface of the low, medium, and high roughness 
sharkskin modification buildings.  
The pressure coefficient contour distributions on the front surface of CAARC building 
models with different perforated and sharkskin modifications considered in the parametric study 
are presented in Figure 4.31 for 0° angle of attack along the long side. An analogous trend was 
found with the short side on the CAARC building. In addition, all the other angles of attack, 
whether along the long or short sides, showed a comparable trend with the only difference of 
having the pressure distribution shifted according to the corresponding angle of attack.  
 
Figure 4.31: Pressure coefficient distribution on the front side of CAARC buildings with 
different perforated and sharkskin modifications considered in the parametric study along the 
long side at 0⁰ angle of attack. 
 
 
Summary of Simulation Outcomes 
Even though at large nearly all the different modifications considered in this study 
performed better than the plain building model, without modifications, for each building shape, 
some modifications performed better than the other depending on the building shape. As 
mentioned earlier, the performance of the modifications was based on the reduction of drag, lift, 
Plain     P 25%    P 30%    P 35% P 40% P 45%    P 50%     SKL        SKM        SKH                          
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and pressure coefficients with respect to the corresponding plain building. Based on all the 
results presented earlier, it can be concluded that in general the perforated double façade 
modification with 25% opening (P 25%) along with the sharkskin modification (SK) were the 
best performing aerodynamic modification for CAARC, rectangular, and square tall buildings. 
This was the case for almost all angles of attack. Whereas, for circular models, the double façade 
modifications, perforated and vertical openings, performed better compared to the other 
modifications. Table 4.8 provides a summary and general remarks on the best performing 
modifications per each building shape considered in this study.  




Best Performing Modifications  Remarks  
CAARC 
- Perforated double façade. 
 
- Sharkskin. 
- Both perforated double façade with 25% opening (P 25%) 
and sharkskin (SK) modifications significantly reduced CD 
and CL. 
 
- P25% noticeably reduced Cp, whereas sharkskin (SK) 
slightly increased the CP. 
 
- CD, CL, and CP increases with the increase of the roughness 
of the sharkskin denticles and opening percentage in the 
sharkskin and perforated modifications, respectively.  
Rectangular  
- Perforated double façade. 
 
- Sharkskin. 
- Both perforated double façade with 25% opening (P 25%) 
and sharkskin (SK) modifications significantly reduced CD 
and CL. 
 
- P25% noticeably reduced Cp, whereas sharkskin (SK) 
slightly increased the CP. 
Square 
- Perforated double façade. 
 
- Sharkskin. 
- Both perforated double façade with 25% opening (P 25%) 
and sharkskin (SK) modifications significantly reduced CD 
and CL.  
 
- P25% noticeably reduced Cp, whereas sharkskin (SK) 
slightly increased the CP. 
Circular  
- Perforated double façade. 
 
- Vertical opening double façade. 
 
- Both perforated double façade with 25% opening (P 25%) 
and double façade with vertical opening (V2) modifications 
significantly reduced CD, CL, and CP. 
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Impact of Modifications on Buildings and Construction Limitations  
As tall buildings increase in height, they become more vulnerable to wind loads. Thus, a 
major problem facing many tall buildings is the loads and effects of wind. Also, wind induced 
vibrations caused by wind loads can severely damage structural and non-structural components 
of the building. This leads to have the building and properties losing their market values as well 
as insurance companies bearing huge economic consequences. Moreover, sometimes wind 
induced loads and effects does not cause any safety damages, but on the serviceability level, it 
may cause unpleasant vibrations that lead to occupants’ discomfort. Even though this might not 
be a safety concern; however, this still will have the building and properties to lose market value.  
Hence, structural engineers and architects keep this in mind and try to find solutions to 
mitigate wind induced effects as much as possible to avoid the undesired consequences. As 
mentioned earlier, traditionally engineers used some common mitigation strategies, like TMDs, 
to overcome such issues, but those strategies can be expensive and occupy huge space. Thus, 
nowadays engineers lean more toward different aerodynamic modifications to effectively 
mitigate wind induced effects and loads on tall buildings.  
In this study different aerodynamic modifications were tested on different building 
shapes to mitigate wind induced effects and loads. The results of all the modifications considered 
on all the different building shapes were promising. Significant reduction in drag, lift, and 
pressure coefficients were seen in all the modifications across the different angles of attack with 
respect to each corresponding building without any modification. These reductions made the 
buildings see less lateral wind forces and wind pressure as the drag, lift, and pressure coefficients 
are directly proportional wind induced forces and pressure on buildings. Thus, the reduction in 
lateral wind forces and pressure can reduce the risk of the damages of structural and non-
structural components of the buildings due to wind. Also, smaller structural member sizes for 
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newly constructed buildings may be used which can save on construction costs. Furthermore, the 
reduction in the wind forces decreases the wind induced vibration on buildings as well. As 
intensive vibration can be not only safety concern causing damages, but serviceability concern 
leading to occupants’ discomfort, the reduction in vibration can mitigate these concerns. This 
being said, the aerodynamic modifications can significantly mitigate wind excitation of tall 
buildings but cannot eliminate them totally. In addition, with less forces and vibrations on the 
building, other costly and space occupying traditional vibration strategies, such as TMDs, may 
be eliminated leading to have more leasable space in the building and may reduce cost.  
In terms of the pressure coefficients and the pressure distribution contours, both got 
reduced in most of the modifications in comparison to the buildings with no modification 
applied. The reduction was mainly significant for the double façade modifications and higher 
reduction was found with lower percentage opening in the double façade. Whereas, the bio-
inspired modifications did not decrease the pressures instead they slightly increased it for the 
most part. The perforated modifications did not just decrease the pressures on the building 
surface, but also, they made the pressure more uniformly distributed. Such uniformity is desired 
from design perspective as typical member sizes can be used everywhere without the need to 
increase the sizes at certain locations or sometimes even increasing all the members sizes, which 
can be costly. In addition, lower pressures on the building surface helps in resolving the issue of 
broken or lost cladding. This can ensure that the building and properties sustain their market 
values as well as insurance companies will not bear huge economic consequences.  
Even though all the different modifications considered had shown impressive results, 
there can be some design and construction limitations when it comes to reality. Some of those 
limitations can be that couple of the modifications considered, bio-inspired modifications, would 
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be extremely difficult to be applied to already existing tall buildings since it is not a double 
façade modification instead the surface of the building has to be modified. In terms of the 
different double façade modifications considered, perforated and vertical openings, those ones 
can be applied to both new and existing tall buildings. Yet, there might be some limitations that 
can be a project specific, like architectural obligations or right of land limitation. In addition, the 
double façade will be a newly built structure, where the connections to the building might be a 
challenge. Finally, the view from the inside of the building would lose the aesthetic that usually 
tall buildings are known for especially for the amenities and the top levels.  
 
Conclusion    
In this chapter, ANSYS Fluent CFD finite volume software was used to run the 
simulations. First, the plate modification models were tested. The results proved the conclusions 
of the preliminary stage, which was that the plate modification was not effective and showed 
negligible effects on drag and lift coefficients, so the plate’s modification models were 
terminated.   
In addition, different double façades, perforated and vertical openings, modifications 
were tested for the CAARC building in addition to all the building inventory shape models. The 
results showed a noticeable reduction in drag coefficients, lift coefficients, and pressure 
coefficient distribution on the building surface in each of the different modifications tested for 
different angles of attack. Bio-inspired modifications were tested as well. Sharkskin modification 
showed a significant reduction in drag and lift coefficients for all models. Furthermore, the 
cactus modification was tested on the circular models, where it showed a good reduction as well.  
In terms of drag coefficient, all the different modification considered showed substantial 
reduction in drag across all the angles of attack. Sharkskin (SK) and perforated with 25% 
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opening (P 25%) modifications had the highest average reduction across all the angles of attack 
for CAARC, rectangular (B/D=1.5), and square, which was relatively around 60% and 50%, 
respectively. As for lift coefficient, they were close to zero regardless the good reduction in most 
modifications across the different angles of attack. At large, most of the different modifications 
performed better than the corresponding plain model, without modification, but the highest 
reduction in lift was observed mainly in the perforated 25% (P 25%).   
On the other hand, for circular models, double façade modifications performed the best, 
where the model with vertical openings Case 2 (V2) had the highest drag coefficient of about 
80%. While, for lift coefficients nearly all the modifications had very small lift coefficient that 
were close to zero irrespective of the reduction with respect to the plain building model.  
Regarding the pressure coefficient, Maximum and minimum, and distribution contours, 
for the different modifications with various angles of attack, it was noticed that all the double 
facade modifications had a significant reduction on the pressure with more uniformity on the 
buildings. Nonetheless, unlike the double façade modifications, the bio-inspired modifications 
slightly increase the pressures, especially the maximum pressure coefficients, on the building 
surface at most angles of attack.  
Since the perforated 25% (P 25%) and sharkskin (SK) were found to be the best 
performing modifications in reducing wind loads and effects on the different building shapes 
considered, a parametric study on these two modifications was performed on CAARC building 
model since it acts as a reference. The percentage of the openings and roughness of sharkskin 
denticle were varied for the perforated and sharkskin modifications, respectively. It was 
concluded that, as the perforation opening percentage decrease, higher reductions in drag, lift, 
and pressure coefficients were observed. As for the sharkskin modifications, the increase of the 
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sharkskin roughness lead to higher reduction in both drag and lift coefficients. In terms of 
pressure coefficients, the effect of roughness was considered as very minimal. 
In total, it can be summarized that the perforated double façade modification with 25% 
opening (P 25%) along with the sharkskin modification (SK) are the recommended aerodynamic 
modification for CAARC, rectangular (B/D=1.5), and square tall buildings exposed to extreme 
wind load. In terms of aerodynamic modifications for circular models, the double façade 
modifications performed better compared to the other modifications applied in this study. These 
reductions in drag, lift, and pressure coefficients are directly proportional to wind lateral forces 
on building, thus reduces the loads and vibrations on buildings significantly.  
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CHAPTER 5.    CONCLUSION 
This chapter summarizes the conclusions of this research, highlights major findings and 




The fact that nowadays the whole world is moving more toward taller buildings, 
especially with the space limitation in major cities cannot be denied. New construction 
techniques with the increase of innovative technologies are leaning to be lighter and more 
flexible. As tall buildings increase in height, they become more vulnerable to wind loads and 
effects. This can cause more vibrations that can severely damage both structural and non-
structural components of the buildings and cause occupant discomfort. These adverse impacts 
can have significant economic consequences. Thus, this study focused on mitigating these wind 
loads and effect on tall buildings through the different aerodynamic modifications. To achieve 
the objectives of this study, a sequence of stages was considered.  
First, an extensive literature review on wind behavior and effects, common vibration 
mitigation strategies, and different aerodynamic modifications strategies used to mitigate wind 
loads and effects was done. Second, developing a building inventory to gather the characteristics 
of existing tall buildings for the eight major cities were considered across the United States: 
Atlanta, Boston, Chicago, Los Angeles, Miami, New York, San Francisco, and Seattle. Based on 
the develpoed database, it was found that the most common building base shapes were 
rectangular with aspect ratio (B/D) of 1.5, square, and circular. These building shapes with 
158 
 
representative dimensions for each common building shape were used for analysis in the next 
stages.  
Finally, the last stage of this study was testing the selected models from preliminary stage 
with their corresponding plate dimensions in ANSYS Fluent. The results proved the conclusions 
of the preliminary stage, which was that the plates modification was not effective and showed 
negligible effects on drag and lift coefficients, so the plate’s modification models were 
terminated.   
In addition, different double façade, perforated and vertical openings, modifications were 
tested on the CAARC building in addition to all the building inventory shape models 
(rectangular, square, and circular). The results showed noticeable reduction in drag, lift, and 
pressure coefficients on the buildings with respect to the corresponding plain building model, 
without modifications, in each of the different modifications along all angles of attack. 
Additionally, bio-inspired modifications were tested. Where, sharkskin modification showed 
promising results producing significant reduction in drag and lift coefficients across all the 
different angles of attack. Nonetheless, regarding the pressure coefficients, sharkskin 
modification slightly increased the pressures, especially the maximum pressure coefficients, on 
the building surface at some angles of attack. Also, cactus modification based on some literature 
review in Chapter 2 was tested on the circular models. Where, it showed a good reduction as 
well in drag and lift coefficients but not in the pressure coefficients just like the case with the 
sharkskin.  
In short, it was found that for CAARC, rectangular, and square models, perforated double 
façade with 25% opening (P 25%) along with the sharkskin (SK) modifications were the best 
performing ones among all the considered modifications. Whereas, for circular models, double 
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façade modifications performed better than other bio-inspired modifications considered. In 
general, sharkskin modification can be applied to new buildings, but the double façade 
modification might be the preferred idea since it can work for both the new and existing tall 
building, which is one of our objectives to have an aerodynamic modification façade system that 
reduce wind loads on new as well as existing tall buildings.  
The reductions in drag, lift, and pressure coefficients are directly proportional to wind 
lateral forces on building, thus reduces the loads and vibrations on buildings significantly. As a 
result, traditional vibration mitigation strategies like TMDs may be eliminated and smaller 
members can be used at the design and construction level. This can lead to have more leasable 
space, lower risk of cladding breakage or loss, minimize occupant discomfort, and more 




 As any work has limitations, this study has some limitations. One of those limitations is 
that the model’s results were only obtained by computational fluid dynamics finite volume 
software, where there was no experimental wind tunnel testing conducted to further validate the 
results and conclusions. Also, additional optimization process can be applied to arrive to the 
somewhat more optimal opening and sharkskin denticle sizes for the double façade and 
sharkskin modifications.  
In addition, some of the façade modifications considered, such as sharkskin, would be 
extremely difficult to be applied to already existing tall buildings since it is not a double façade 
modification, instead the surface of the building has to be modified. However, such modification 
can be easily applied for new tall buildings. In terms of the different double façade modifications 
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considered, these ones can be applied to both new and existing tall buildings. Yet, there might be 
some additional limitations that can be a project specific, like architectural obligations or right of 
land limitation. In addition, the double façade will be a newly built structure, where the 
connections to the building might be a challenge. 
 
Future Work 
Based on the limitations, some of these that are within the capability and can be resolved 
with further potential future research. One of those are experimentally testing the different 
double façade and bio-inspired, sharkskin and/or cactus, modifications in an actual wind tunnel 
facility. Furthermore, an additional optimization process can be applied on the considered 
modifications in this study to optimize the openings and sharkskin denticles sizes, which may to 
some extent lead to more optimal results. Another aspect that can be potential for future research 
is the feasibility and cost analysis study of the different aerodynamic modifications on buildings. 
Then, all of this in addition to the future potential research can be used as recommendations for 
developing smart morphing façade systems later in the future, that can change in shape and 
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